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ABSTRACT 
Cores of sediment were collected from six lakes in southern 
and eastern Finland. Measurements of the natural remanent 
magnetization (NRM) and the magnetic susceptibility were made on both 
the unopened cores and on subsamples in order to define secular 
variation curves for Finland. 	Tests showed the remanence to be stable. 
Age estimates were obtained from pollen analysis since radiocarbon 
dating of the sediments proved to be unsatisfactory. The correlation 
between cores from any one lake was facilitated by use of the intensity 
and susceptibility logs. Swings in both the declination and inclination 
records obtained from the cores were correlatable within and to some 
extent between lakes. 
p 
Using a variety of magnetic methods it was concluded that fine 
grained magnetite carried the NRM of the sediments. Haematite was 
present in some of the sediments but did not appear to carry any of 
the NRN. 
It was found that the NRM was decreased by drying and by cooJing 
through -10°C. 	In both cases randomization of fine grains which. 
carried the NRM, brought about by physical changes in the sediment, 
was responsible for the loss in intensity. Rotation of magnetic 
grains alter deposition of the sediment appeared to be the main 
mechanism by which the lake sediments acquire an NRM. Further 
experiments showed that the grains were not fixed in place simply by 
dewatering of the sediments but that the growth of gels in the 
sediment stabilized the particles 	Some grains in the sediments 
were still free to rotate and to acquire a remanence. 
Samples of bedrock, soil, drift and stream sediment were collected 
from the catchment areas and magnetic measurements made on them to 
determine the source of the magnetic minerals in the lake sediments. 
The measurements indicated that the magnetic minerals were derived 
from the glacial drift. 	Haematite, was present as a secondary 
mineral in the drift but was broken down during erosion and transport 
of detritus to the lakes. 
ACKNOWLEDGEMENTS 
I would like to thank my supervisor Dr Roy Thompson for 
guidance and discussions throughout the project. My thanks also 
go to Drs Jouko Merilainen, Pertti Huttunen and Jukka Vuorinen of 
the University of Joensuu and to Dr Matti Saarnisto of the University 
of Helsinki for their help with fieldwork and for providing details 
of their own work on the lakes studied. I am also grateful to Mr 
Eric Hogg for his assistance during the 1971 fieldwork and to Dr P. 
O'Sullivan for carrying out some of the pollen analysis. 
In connection with the cave sediment work I would like to 
thank Mr Dick Glover and Mr Alan King for drawing my attention to the 
existence of the sediments and for subsequently supplying information 
and helping with the sampling trips. 
4y thanks also to Miss Kathy Dodds for giving up time in order to 
type the thesis. 




Chapter 1: Introduction 
1.1 Major geomagnetic changes 	 1 
1.2 Secular variation 	 2 
1.3 Secular variation models 	 5 
1.4 The present study 	 6 
Chapter 2: Collection of sediments and magnetic 
measurements 
2.1 Coring 	 7 
2.2 Long core measurements 	 7 
2.3 Subsampling 	 8 
2.4 NRM measurements on single samples 	 9 
2.5 Data processing 	 10 
2.6 NEM stability 11 
Chapter 3: Palaeomagnetic results 
3.1 Introduction 14 
3.2 Lakes studied 14 
3.3 NEM results 
3.3.1 	Paajarvi 17 
3.3.2 Orinaj arvi 21 
3.3.3 	Pielinen 23 
3.3.4 Vuokonjarvi 25 
3.3.5 	Kiteenjarvi 27 
3.3.6 Valkiajarvi 29 
3.4 Discussion 30 
Chapter 14: Magnetic mineralogy 
4.1 Possible remanence carriers 	 35 
4.2 Bulk magnetic mineralogy 38 
4.3 Domain state determination 	 43 
4.4 Comparison of magnetic parameters 	 47 
4.5 Thermal demagnetization 	 52 
4.6 Low temperature demagnetization 	 54 
4.7 Conclusions 	 54 
Chapter 5: Acquisition of remanence in lake sediments 
5.1 Earlier research 56 
5.2 Dehydration 58 
5.3 Low temperature demagnetization 60 
5.4 Hydrated mineral 62 
5.5 Impregnation 65 
5.6 Physical effect of water 6 
5.7 Cooling NRM, ARM and IRM 70 
5.8 Viscous reinanence and physical rotation 
remanence 77 
5.9 Stabilizing the NRM 83 
5.10 Conclusions 85 
Page 
Chapter 6: 	Source of magnetic minerals 
6.1 Introduction 88 
6.2 Sampling and magnetic measurements 89 
6.3 Paajarvi 
6.3.1 	Lake sediments 91 
6.3.2 Drift and soils 93 
6.3.3 	Stream sediments 98 
6.3.4 Bedrock 101 
6.3.5 	Comments 101 
6.4 - Orniajarvi 
6.4.1 	Lake sediments 102 
6.4.2 Soil and drift 104 
6.4.3 	Stream sediment 107 
6.4.4 Bedrock 109 
6.4.5 	Comments 109 
6.5 Vuokonjarvi 
6.5.1 	Lake sediments 110 
6.5.2 Soil and drift 112 
6.5.3 	Stream sediments 115 
6.5.4 Bedrock 118 
6.5.5 	Comments 118 
6.6 Pielinen 
6.6.1 	Lake sediments 119 
6.6.2 Soil and drift 121 
6.6.3 	Stream sediments 124 
6.6.4 Bedrock 127 
6.6.5 	Comments 127 
6.7 Kiteenjarvi 
6.7.1 	Lake sediments 127 
6.7.2 Soil and drift 129 
6.7.3 	Stream sediments 132 
6.7.4 Bedrock 135 
6.7.5 	Comments 135 
6.8 Chemical analyses 137 
6.9 PRRM experiments 
6.9.1 	Paajarvi 139 
6.9.2 Ormajarvi 110 
6.9.3 	Pielinen 141 
6.9.14 Vuokonjarvi 141 
6.9.5 	Kiteenjarvi 142 
6.10 Discussion 143 
Chapter 7: Discussion and conclusions 
7.1 Secular variation 	 1147 
7.2 Remanence carriers 149 
7.3 Magnetic mineral source 	 153 
7.14 	Conclusions 	 154 
PaGe 
Chapter 8: Palaeornagnetic investigations of some British 
cave sediments 
8.1 Introduction 	 156 
8.2 Sand Cavern 157 
8.3 Victoria Cave 	 160 
8.4 Discussion 162 
References 	 164 
LIST OF FIGURES 
After 
Figure Page 
2.1 9 Components of magnetization. 
2.2 12 Different methods of plotting demagnetization data. 
3.1 11 Locations of lakes studied. 
3.2 16 Bathymetry and core sites for Paajarvi and Orma.jarvi. 
3.3 16 Bathynietry and core sites for Vuokonjarvi. 
3.11 16 Bathymetry and core sites for Kiteenjarvi. 
3.5 16 Bathymetry and coring site for Valkiajarvi. 
3.6 17 Stratigraphy of sediment cores taken from Paajarvi. 
3.7 17 Long core NEM and susceptibility data for Paajarvi 
cores 2 and 1. 
3.8a 18 Intensity, susceptibility and Q-ratio data for Paajarvi 
cores 3 and 1. 
3.8b 18 Declination and inclination data for Paajarvi cores 3 
and ii. 
3.9 18 Behaviour of components of magnetization during 
demagnetization of Paajarvi core 1 samples. 
3.10 19 Age-depth curve for Paajarvi core, 3. 
3.11 20 NRM, susceptibility and Q-ratio data for Paajarvi cores 
2 and 5. 
3.12 20 Behaviour of components of magnetization during demag- 
netization of Paajarvi core 5 samples. 
3.13 21 Stratigraphy of sediment cores taken from Ormajarvi. 
3.114 22 NR14, susceptibility and Q-ratio data for sediment 
samples from Ormajarvi cores. 
3.15 22 Behaviour of components of magnetization during demag- 
netization of Ormajarvi samples. 
3.16 23 Stratigraphy of sediment cores taken from Pielinen. 
3.17 214 NRM, susceptibility and Q-ratio data for sediment 




3.18 	211 	Behaviour of components of magnetization during 
demagnetization of Pielinen samples. 
3.19 	25 	Stratigraphy of sediment cores taken from Vuokonjarvi. 
3.20 	25 	Long-core magnetic measurements made on Vuokonjarvi 
sediments. 
3.21a 25 	Intensity, susceptibility and Q-ratio data for 
- Vuokonjarvi sediment samples. 
3.21b 25 	Declination and inclination data for Vuokonjarvi with 
cleaned core 2 data and sediment ages. 
3.22 	26 Behaviour of components of magnetization during 
demagnetization of Vuokonjarvi samples. 
3.23 	26 Age-depth curve for Vuokonjarvi core 2. 
3.2 11 	27 Stratigraphy of sediment cores taken from Kiteenjarvi. 
3.25a 	27 Declination and inclination data for samples from 
Kiteenjarvi cores with cleaned core 1 data. 
3.25b 	27 Intensity, susceptibility and Q-ratio data for sediment 
samples from Kiteenjarvi. 
3.26 	28 Behaviour of components of magnetization during 
demagnetization of Kiteenjarvi samples.. 
3.27 	32 Correlation between inclination and declination logs 
of cores from Vuokonjarvi, Paajarvi and Kiteenjarvi. 
Li 	111 Examples of IRM curves. 
4.2 	113 Examples of coercivity spectra obtained from IRM 
measurements. 
4.3a 	1411 Examples of NRM, ARM and IRM normalized demagnetization 
curves for Vuokonjarvi and Kiteenjarvi samples. 
4.3b 	1414 Examples of NRM, ARM and IBM normalized demagnetization 
curves for Pielinen and Ormajarvi samples. 
4.3c 	1414 Examples of NRM, ARM and IBM normalized demagnetization 
curves for Paajarvi and Valkiajarvi samples. 
14.14 	149 	- NRM, ARM, IBM and susceptibility plotted against one 
another for sediment samples from Vuokonjarvi. 
14.5 	149 NRM, ARM, IBM and susceptibility plotted against one 






















NRM, ARM, IRM and susceptibility plotted against one 
another for sediment samples from Paa.jarvi. 
Examples of remannce ratio variations during demag 
netization for samples from Vuokonjarvi and Kiteerjarvi. 
Examples of remanence ratio variations during demag-
netization for samples from Pielinen and Ormajarvi. 
Examples of remanence ratio variations during demag-
netization for samples from Paajarvi and VaLkiajarvi. 
Thermal demagnetization curves for samples of sediment 
from Paajarvi. 
Thermal demagnetization curves for samples of sediment 
from Vuokonjarvi and Pielinen. 
NRM loss on drying samples from Vuokonjarvi, Kiteenjarvi 
and Paajarvi. 
59 	NRM loss on drying samples from Orniajarvi and Pielinen. 
61 	Low temperature demagnetization of sediment samples 
from Vuokonjarvi and Pielinen. 
63 	Behaviour of samples from Vuokonjarvi in different 
physical states in a field of 10 Oe. Field reversed 
at 44 h. 
64 	Demagnetization of NRM, ARM and IRM for equivalent wet 
and dry samples from Vuokonjarvi. 
6T 	Remanence grown in equivalent fresh and wax impregnated 
samples from Paajarvi. 
78 	Examples of remanence grown in fields of 5, 2 and 1 Oe 
in fresh and dry samples from Vuokonjarvi and Kiteenjarvi. 
82 	Relationship between applied field, H, and VRM grown 
in Vuokonjarvi sediment samples. 
82 	Relationship between NRM and FN  for Vuokonjarvi 
samples. 
85 	Comparisons of PRRM grown in natural and artificially 
mixed samples. 
91 	1 rs  and x as indicators of grain size and concentration. 
91 	Geology of the area. around Paajarvi and Ormajarvi. 

















Sampling locations around Paajarvi. 
Descriptions of soil and drift profiles with suscept-
ibility variations' ariation - Paajarvi. 
Comparison of J rs and x data from soil/drift samples 
with lake sediment data for Paajarvi. 
Comparison of Jrs and x data from stream sediments 
with lake sediment data for Paajarvi. 
H cr and S data for Paajarvi samples. 
Sampling locations around Orinajarvi. 
Descriptions of soil and drift profiles with suscept-
ibility variations - Orinajarvi. 
Comparison of J and x data for soil/drift samples rs 
with laked sedint data for Orinajarvi. 
H cr and S data for Ormajarvi samples. 
Comparison of J 
rs  and x data for stream sediment samples 
with lake sediment data for Orma.jarvi. 
Geology of the area around Vuokonjarvi and Pielinen. 
Sampling locations around Vuokonjarvi. 
Descriptions of soil and drift profiles with suscept-
ibility variations - Vuokonjarvi. 
Comparison of J 
rs 
 and x data from soil/drift samples 
with lake sediment data from Vuokonjarvi. 
H cr and S data for Vuokonjarvi samples. 
Comparison of j and x data from stream sediment 
samples with lake sediment data for Vuokonjarvi. 
Sampling locations around Pielinen. 
Descriptions of soil and drift profiles with suscept-
ibility variations - Pielinen. 
Comparison ofrs and x data from soil/drift samples 







6.23 	1214 	Hr and S data for Pielinen samples. 




6.25 	127 	Geology of the area around Kiteenjarvi. 
6.26 	127 	Sampling locations around Kiteenjarvi. 
6.27 	129 	Descriptions of soil and drift profiles with suscept- 
ibility variations - Kiteenjarvi. 
6.28 129 Comparison ofand x data from soil/drift samples rs 
with lake sediment data for Kiteenjarvi. 
6.29 131 Her and S data for Kiteenjarvi samples. 
6.30 134 Comparison of J 	and x data from stream sediment 
samples with late sediment data for Kiteenjarvi. 
6.31 139 PRRM grown in soil/drift samples and stream sediment 
samples from the Paajarvi catchment. 
6.32 110 PRRM grown in soil/drift samples from the Ormajarvi 
and Pielinen catchments. 
6.33 11 1 PRRM grown in samples of soil/drift from the Vuokonjarvi 
catchment. 
6.34 142 PRRM grown in stream sediment and soil/drift samples 
from Kiteenjarvi catchment. 
6.35 11 5 Diagrammatic comparisons of magnetic measurements made 
on samples of different types from the catchment areas 
studied. 
8.1 157 Locations of caves. 
8.2 158 NRM, susceptibility and Q-ratio data for the Sand 
Cavern profiles. 
8.3 159 Demagnetization of a sediment sample from Sand Cavern. 
8.4 161 NRM, susceptibility and Q-ratio measurements made on 
Victoria Cave sediment profile. 
LIST OF TABLES 
Table 
3.1 	15 Core lengths and water depths from which cores were 
collected. 
3.2 	31 Peak to peak amplitudes in inclination and declination 
records. 
iLl 	37 H 	and x with grain size (after Variation of J rs , cr Parry, 1965). 
14.2 	140 IBM data for pilot samples. 
14.3 	145 Mdf data for NRM, ARM and IBM in pilot samples. 
5.1 	59 NBM measurements made on sediment samples before and 
after drying. 
5.2 	66 Effect of wax impregnation on NRM of Vuokonjarvi 
sediment samples. 
5.3 	66 Changes in components of magnetization after placing 
natural and wax impregnated sediment samples in a 
field of 10 Oe parallel to Y direction. 
5.4 	72 NBM, ARM and IBM total intensity and percentage of 
remanences lost at upper transition, lower transition 
and remaining after cooling in zero field to liquid 
nitrogen temperature for Paajarvi samples. 
5.5 	73 NRM, ARM and IBM total intensity and percentage of 
remanences lost at upper transition, lower transition 
and remaining after cooling in zero field to liquid 
nitrogen temperature for Ormajarvi samples. 
5.6 	714 NRM, ARM and IBM total intensity and percentage of 
renianences lost at upper transition, lower transition 
and remaining after cooling in zero field to liquid 
nitrogen temperature for Vuokonjarvi samples. 
5.7 	75 NRM, ARM and IBM total intensity and percentage of 
remanences lost at upper transition, lower transition 
and remaining after cooling in zero field to liquid 
nitrogen temperature for Kiteenjarvi samples. 
5.8 	79 Values of F for Vuokonjarvi and Kiteenjarvi dry and 
natural samples with ratios FN/FD for pairs of. 
samples. 
5.9 	81 Values of FN for Kiteenjarvi sediment samples in 
repeated experiment with ratio FN/FD. 
Table Page 
6.1 92 Values of magnetic parameters for Paajarvi lake sediment 
samples. 
6.2 914 Values of magnetiq parameters for Paajarvi soil and 
drift profiles. 
6.3 99 Values of magnetic parameters for bulk and sieved 
Paajarvi stream sediment samples. 
6.14 103 Values of magnetic parameters for Paajarvi bedrock 
samples. 
6.5 103 Values of magnetic parameters for Ormajarvi lake sediment 
samples. 
6.6 105 Values of magnetic parameters for Ormajarvi soil and 
drift profiles. 
6.7 108 Values of magnetic parameters for bulk and sieved 
Ormajarvi stream sediment samples. 
6.8 111 Values of magnetic parameters for Ormajarvi bedrock 
- samples. 
6.9 ill Values of magnetic parameters for Vuokonjarvi lake 
sediments. 
6.10 113 Values of magnetic parameters for Vuokonjarvi soil and 
drift samples. 
6.11 116 Values of magnetic parameters for Vuokonjarvi stream 
sediment samples. 
6.12 120 Values of magnetic parameters far Pielinen lake sediment 
samples. 
6.13 122 Values of magnetic parameters for Pielinen soil and 
drift samples. 
6.14 125 Values of magnetic parameters for bulk and sieved 
Pielinen stream sediment samples. 
6.15 128 Values of magnetic parameters for Pielinen bedrock 
samples. 
6.16 128 Values of magnetic parameters for Kiteenjarvi lake 
sediment samples. 
6.17 130 Values of magnetic parameters for Kiteenjarvi soil 
and drift profiles. 
6.18 133 Values of magnetic parameters for bulk and sieved 
Kiteenjarvi stream sediment samples. 
Table Page 
	
6.19 136 	Values of magnetic parameters for Kiteenjarvi bedrock 
samples. 
6.20 138 	)F chemical analyses results. 
ABBREVIATIONS 
AF 	 alternating field 
ARM 	 anhysteretic remanent magnetization 
CEM 	 chemical remanent magnetization 
DC 	 direct current 
DRM 	 detrital remanent magnetization 
H 	 coercivity 
H 	 coercivity of remanence cr 
H 	 saturating field 
isothermal remanent magnetization 
J 	 remanent magnetization r 
J 	 saturation remanent magnetization 
rs 
MD 	 multidomain 
mdf 	 median destructive field 
NRM 	 natural remanent magnetization 
PRRM 	 physical remanent magnetization 
PSD 	 pseudo-single domain 
SD 	 single domain 
ThM 	 thermorernanent magnetization 
VRM 	 viscous remanent magnetization 




1.1 Major geomagnetic changes 
Geomagnetic field information can be obtained by making magnetic 
measurements on a variety of geological and archaeological samples. 
These materials, containing magnetic minerals, were magnetized by the 
ambient field at, or close to, the time of their formation. Extracting 
this information from igneous and sedimentary rocks has provided a 
method of deducing past geomagnetic pole positions which has been of 
use in continental drift studies. 
Reversals of the geomagnetic polarity have also been detected 
from geological samples. A continuous record of polarity changes for 
the last 70 my has been obtained from deep sea sediments. Data from 
further back in time is more fragmentary. Polarity epochs are generally 
of the order of 10 6-107  y in length but short periods of reversed 
polarity, known as events, have also been identified. These include 
the Blake event, which took place during the present Brunhes epoch 
somewhere between 75,000 and 125,000 y ago (Smith and Foster, 1969). 
Another is the Laschamp event which was first detected in some French 
lavas (Bonhoinniet and Babkine, 1967). This event has recently been 
dated at 33,500 y BP (Pierce and Clark, 1978). Geomagnetic excursions, 
during which the polarity has been totally or partially reversed for a 
short time have also been reported in the Brunhes epoch and sometimes 
appear to have been of only local significance. One such example is 
the Mungo excursion (Barbetti and McElhinny, 1972) which was found 
when the natural remanent magnetization (NRM) of material from aboriginal 
fireplaces, dated at 30,780 y EP was measured. A deviation of 1200 
2 
from the expected axial dipole field declination was found. it is 
now thought that this excursion may be connected with the Laschainp 
event (Pierce and Clark, 1918). 
1.2 Secular variation 
On a much shorter time scale geomagnetic field observations made 
at any one place show that, rather than being constant over time, the 
intensity, declination and inclination of the field vary. In addition 
to this, it is clear from observatory records that the non-dipole 
part of the field is drifting westwards at a rate of about 0.2 0 /y 
(Bullard et al., 1950; Malin, 1969). In historical times earlier than 
those for which observatory records are available, archaeoinagnetic 
measurements on kilns, pottery and hearths, all of which can be fairly 
accurately dated, can yield information about secular variation. 
These archaeological materials acquired a thermoremanent magnetization 
(TRM) at the time of their last firing. Palaeointensity data can be 
obtained from such materials but directional information can only be 
acquired if the orientation during firing is known. 
Continuous, although less detailed, secular variation records for 
the more recent time can be obtained from recent, rapidly deposited 
sediments. Early work of this type was carried out on varved clays 
(e.g. Ising, 19112)  for which varve counts provided a method of accurately 
dating the sediments. Short period variations in geomagnetic field 
directions are smoothed out in the more slowly deposited deep-sea 
sediments. 
More recently attention has been focussed on lake sediments which 
have more uniform deposition than varved clays. Average rates of 
sedimentation are of the order of 0.1 cm/y, although this figure can 
be much higher at times of intense erosion. The sediments can be 
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dated by the radiocarbon method and by pollen analysi. 
The horizontal NRIVI intensity and the declination of some unoriented 
sediment cores from Windermere, England were investigated by Mackereth 
( 1971 ) who found that the declination varied in a cyclic manner. From 
calibrated radiocarbon dates he estimated the periodicity of the 
declination variations to be 2700 y. Further investigations on sub-
samples of the sediment (Creer et al., 1972) confirmed this periodicity 
estimate and also enabled inclination measurements to be made and the 
stability of the NRN to be ascertained. The reinanence in the Windermere 
sediments was thought to have a chemical origin (Thompson, 1973) and 
to be partly carried by haematite. Subsequent work on sediments from 
other British lakes, such as Lough Neagh (Thompson, 1973, 1975), has 
produced records of magnetic declination which can be correlated with 
the Windermere data. From observatory records it is known that there 
was a westerly declination maximum in 1818 and this is thought to be 
represented by the uppermost westerly swing in the Windermere declination 
log. The amplitude of the Windermere swing was however only about half 
that measured instrumentally at the observatories. The maximum peak 
to peak amplitude of the Windermere declination data was about 30 0 . 
Some short sediment cores taken from the Inner Sound, N.W. Scotland 
(Bishop, 1975) were found to have declination amplitudes of similar 
magnitudes to those found in the Windermere data but little correlation 
was possible. 
In contrast to the declination record, no regular variations were 
found in the magnetic inclination record for Windermere where the values 
ranged between 550 and. 750 One inclination maximum, dated at about 
2000 y BP has, however, been found in the logs of both the Windermere 
and Lough Neagh sediments (Thompson, 1973). An investigation into the 
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NRM carried by some sediment cores from the Black Sea (Creer, 1974) 
revealed a periodicity of 2775 y in the inclination record with only 
slight variations apparent in the declination measurements. 
Data from the sediments of Lake Michigan, N. America show a 
periodicity of 2090  y in the declination but, as in Britain, no periodic 
inclination variations were found (Creer et al., 1976b). Similar results 
were. obtained from Lake Erie (Creer et al., 1976a). 
A palaeoniagnetic study of two Aegean sediment cores (Opdyke et 
al., 1972) covering 27,000 y revealed an inclination periodicity of 
6000 y superimposed upon a general trend of decreasing inclinations 
from the base to the top of each core. 
Sediments from Lovojarvi, Finland have been dated by comparing 
the declination data with the Windermere record (Tolonen et al., 1975). 
The dates obtained by this method agreed with age estimates from radio-
carbon and pollen analyses. 
Attempts to obtain relative palaeointensities from lake sediment 
data have so far not met with much success. The NRM intensity depends 
not only on the geomagnetic field intensity but also on the types and 
quantities of magnetic minerals present, factors which can change with 
depth in the sediment. The method of remanence acquisition is also 
important. Measured NRN intensities will not generally reflect palaeo-
intensities. Magnetic susceptibility measurements provide an indication 
of the total magnetic mineral content of the sediment, thereby including 
magnetic grains which are carrying the NRN and those that are not. 
Even in sediments with no apparent lithological changes with depth 
it is not possible to obtain a relative palaeointensity curve by 
normalizing the NRM intensity by magnetic susceptibility. Normalized 
data of this type for the Windermere sediments (Thompson, 1975) showed 
no correlation with observatory measurements of geomagnetic intensity, 
or with similar data from other lakes. A method using an anhysteretic 
remanence as the normalizing parameter has been put forward (Levi and 
Banerjee, 1976) but the ways in which the renianences are acquired differ. 
Postulated mechanisms of NRM acquisition in sediments involve rotation 
of grains and do not affect all the magnetic grains present, whereas 
an ARM is acquired by all the magnetic grains in the sediment and no 
grain movement occurs. For this reason the method is not found to be 
generally applicable. No method of overcoming the difficulties in 
obtaining palaeointensities arising from the fact that sediments are 
not homogeneous has yet been devised. 
1.3 Secular variation models 
The causes of the observed secular variation are still far from 
clear. Present hypotheses tend to favour models of the non-dipole 
field involving the existence of a number of dipole sources located 
somewhere near the core-mantle boundary. The effects of these dipoles 
combine with those of the main dipole field. 
Using spherical harmonic analysis Lowes (1955) was able to 
represent the non-dipole field by eight to ten dipoles located in the 
core. Later, Alldredge and Hurwitz (1964) postulated the existence 
of eight radial dipoles to fit the 1945 world geomagnetic charts. 
These dipoles were located at 0.25 earth radii. The strength of the 
main offset dipole had to be twice that obtained from spherical 
harmonic analysis in order to fit the model. A drift of the radial 
dipoles was suggested in order to fit the present westward drift of 
the non-dipole field. There is, however, no strong evidence to suggest 
that the present drift has been a constant feature of the geomagnetic 
field. If this had been the case and the relative positions of the 
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sources had remained the same, similar geomagnetic directional fluctu-
ations would be expected to appear, displaced in time, in both the 
Windermere and Michigan records. As mentioned above, the declination 
variations have different periodicities at the two locations. 
Using the Alldredge-Hurwitz dipole positions Creer (1976) has 
suggested that the dipoles may be stationary and oscillate with 
different frequencies. At any one place the observed secular variation 
would depend upon the combined influences of the dipoles at that 
location. Differences in declination periodicity could then be 
expected at globally distributed sites. 
A link exists between the polarity of the main dipole field and 
the non-dipole field since when a reversal of the main dipole field 
occurs the non-dipole field pattern also reverses (Cox, 1975). It 
has been suggested that bumps on the core-mantle interface could create 
the necessary current sources for the non-dipole field (Hide, 1967). 
1.4 The present study 
The work discussed above formed the starting point for the research 
described in this thesis. One of the purposes of investigating the 
palaeomagnetism of Finnish lake sediments was to extend the area of 
Europe over which secular variation records from lake sediments was 
available. Studies were also undertaken to identify the magnetic 
mineral(s) responsible for the NRM of the Finnish sediments and to 
determine the way in which the NRN was acquired. In addition the 
source of the magnetic minerals in the sediment was investigated. 
NRM measurements and experimental work carried out on the sediments 
are discussed in the following chapters. 
Ii 
C'!' A T)tflCfl CfltTf\ 
Collection of sediments and magnetic measurements 
In this chapter the methods by which the sediments were collected 
and the various magnetic measurements carried out are described. 
2.1 Coring 
The majority of the lake sediment cores studied was taken in the 
summer of 1915 using a 6 m pneumatic Mackereth corer (Mackereth, 1958) 
operated from a small boat. After each core had been collected it was 
taken to the lake shore and the length of sediment within the tube 
measured using a wooden rod. Paper towels were pushed in to prevent 
move:ent of the sediment during transport to the laboratory, and rubber 
bungs were inserted into each end of the core tube and taped in place. 
The air holes in the core tube were also sealed and the tube labelled. 
A simple piston corer belonging to the Geology Department of the 
University of Helsinki was used to take cores from one of the lakes 
(Vaikiajarvi). One core had been collected from this lake by Dr. 
M. Saarnisto prior to the start of the present study. The author 
assisted in the collection of two more cores during the late winter of 
1916. After boring a hole through the ice cover of the lake, rods were 
used to push the core tube into the sediments. The core was then 
quickly lifted out, after which it was sealed and labelled. 
2.2 Long core measurements 
A preliminary investigation of the NPM carried by the lake sediment 
was made whilst the sediment was still in the core tubes. In this way 
it was possible. to quickly gauge the quality of the data likely to be 
- 	8 
obtained from a more detailed and time consuming magnetic study of 
sediment subsamples. 
A long core fluxgate spinner magnetometer of the type described 
by Molyneux et al. (1972) was used to measure the horizontal intensity 
and relative declination of the magnetization carried by the sediments. 
The instrument was calibrated using a standard sample containing a 
piece of magnetic tape of known magnetic intensity. Measurements were 
then made at 5 cm intervals along the cores. Due to the added effect 
of contributions to the magnetization of sediment immediately above 
and below the actual measurement point, smoothed data was produced. 
The magnetometer was interfaced with a mini computer programmed to 
perform the necessary calculations and the intensity and declination 
data were printed out by a teletype. 
Initial bulk magnetic susceptibility measurements were also made 
on the unopened sediment cores using a long core susceptibility bridge 
(Molyneux and Thompson, 1973). The cores were run through the bridge 
and measurements made at 2 cm intervals along the cores. The instrument 
had a working length of 6 cm so that smoothed records of susceptibility 
changes along the cores were obtained. Calibration was performed by 
running a core tube containing a sample of salts of known susceptibility 
through the instrument. Data was either printed out or punched onto 
paper tape by the teletype. 
2.3 Subs=  pling 
In order to obtain more detailed measurements of the NEN carried 
by the sediments than were provided by the long-core measuring equipment, 
subsamples of the sediment were taken. Each core was cut into four 
sections and the plastic tubes slotted on a circular saw along two 
9 
lines 1800 apart. The plastic could then be cut through using a sharp 
knife, with little resultant disturbance to the sediment. A non-magnetic 
wire was pulled through the sediment to separate the two halves of the 
core section. The two halves werethen smoothly slid apart. One half 
was immediately wrapped and sealed in polythene tubing. After any 
sediment changes had been described, the remaining half was subsainpied. 
Plastic boxes, with dimensions 20 x 20 x 17 mm and with small holes 
drilled in their bases, were inserted into the sediment so as to be 
parallel to the sides of the core tube and immediately adjacent to one 
another. In some cases plastic cylinders with a volume of 10 cm  were 
used. Each sample holder was numbered and arrows were drawn on them 
to indicate the direction of the top of the core. The depths of the 
samples were noted. Care was taken to leave as little space in each 
sample holder as possible to restrict oxidation of, and evaporation of 
war from, the sediment within them. Samples were carefully removed 
from the core, the lids of the sample holders replaced and the small 
air holes sealed to prevent drying or oxidation of the sediment. The 
remaining sediment in the core tube was wrapped in polythene, sealed 
and stored with the unsampled half of the core section. 
2.1 NRM measurements on single samples 
The NRM of the samples was measured as soon as possible after the 
samples had been removed from the core. A Digico slow speed spinner 
magnetometer (Molyneux, 1971) was used for the measurements. From six 
measurements of the X, Y and Z components of the magnetization (two 
about each orthogonal axis) the magnetic intensity, declination and 
inclination were calculated by a computer. The directions of the X, 
Y and Z components are shown in figure 3.1. A sample containing a 
piece of magnetic tape of known magnetic intensity was used to calibrate 
-z 	
X. 




Figure 2.1 	Components of magnetization 
Ddec[ination I = inclination 
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the magnetometer. Calibration was usually carried out after measurement 
of groups of ten samples. It was necessary to keep the sample holders 
and the measuring platform as clean as possible to avoid excessive 
noise on the measurements. The noise level was determined by making 
magnetic measurements of the platform alone and was of the order of 
0.1 pG. The number of spins made for measurement of any one sample was 
altered depending upon the magnetic intensity of the sample in question. 
Bulk susceptibility measurements were made on the sediment samples 
using a Digico susceptibility bridge. A sample of copper sulphate 
crystals of known magnetic susceptibility was used for calibration of 
the instrument. The susceptibility bridge was connected to an oscillo--
scope to facilitate the balancing of the bridge. 
2.5 Data processing 
Computer programs were available to deal with all the NRM and 
susceptibility data obtained. The long core magnetic susceptibility 
and intensity measurements were converted to real values using the 
calibration sample measurements. Both long core and single sample 
data were plotted against depth using a program which also calculated 
and plotted the Q-ratio (intensity/susceptibility) for the single 
sample data. 
A statistical model for the distribution of points on a sphere is 
provided by Fisherian statistics (Fisher, 1953). The parameter a95 is 
defined as the radius of the cone of confidence in which there is a 
95% chance that the true mean direction of the points is located. A 
low value of a95 thus indicates that the observed mean direction is a 
good estimate of the true mean direction. a 95 was calculated in the 
computer program 	 G' Li 	 0_f 
CA4Ct S.c-c1 	 (Le ro4us mr €L 	 a Ev-t.e 
CQ"S 2'O  
o.'-c 	ek et _5 	 U- b te 	 -e 	ccar 
tc&. 
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2.6 NRM stability 
It was important to ascertain that the NRM carried by the sediments 
was stable. If this were not the case, the measured NRM data would be 
meaningless. 
After the NRN measurements had been made on the sediment samples 
from a core from any one lake, a set of eight pilot samples was selected. 
The samples were chosen so as to have values representative of the NRM 
values found in the part of the core from which they were taken. 
Progressive alternating field (AF) demagnetization was carried out on 
the samples in peak fields of up to 800 Oe. Measurements of the remanence 
were made after each demagnetization stage. Two AF demagnetizers were 
used, both of which made use of the principles discussed by As (1967). 
One demagnetization method involved demagnetizing each sample four times 
for each peak field used. Three of the demagnetizations were carried 
out with the samples positioned so that each orthogonal axis in turn 
was parallel to the axis of the demagnetizing coil. The fourth demag-
netization was carried out with the samples in the opposite orientation 
from that of the last demagnetization and with the instrument set to 
reach only half the peak of the demagnetization stage. This process 
was carried out to minimize any anhysteretic magnetization (Snape, 1971) 
which might arise from stray fields in the demagnetizing coil. The 
earth's field was cancelled by placing the demagnetizing coil in a 
triple mu-metal shield or in Helmholtz coils. 
The other demagnetization method involved tumbling samples about 
two orthogonal axes perpendicular to the axis of the demagnetizing coil. 
The tumbling method was more rapid than the stationary method. Results 
from the two demagnetization techniques appeared to be similar. 
From an examination of the behaviour of the pilot samples in AFs 
12 
it was possible to choose an optimum field at which to "clean" all the 
other samples from the core in question. The cleaning field was chosen 
so that low coercivity,unstable components of the magnetization, such 
as might be due to magnetic viscosity, would be removed but so that the 
remanence was still measurable. 
Three methods of presenting pilot sample data were used from which 
to make a decision on the best cleaning field. 
Normalized intensity curves were dram and from these the median 
destructive field (mdf), at which half the initial NRM had been removed, 
could be determined in each case. Directional data was plotted on 
stereographic projections. As unstable components of the magnetization 
were removed in low fields the scatter of subsequent data points on the 
stereograni decreased. The third method of presentation involved plotting 
both directional and intensity data on one diagram. A computer program 
was written to plot the X and Y components of the magnetization against 
the Z component. Removal of the low coercivity unstable components 
appeared as a deviation from the straight line formed by the stable 
part of the magnetization. The straight line resulted from an intensity 
decrease in the higher fields with no accompanying change in the 
direction of reinanence. The method is similar to the plotting technique 
of Zijderfeld (1967) but the Zijderfeld diagrams involve also plotting 
the projection of the magnetization vectors onto the horizontal plane. 
In Finland, where the magnetic inclination is high, the vertical Z 
component forms the major part of the NRiM. Variations in the X vs Y 
data are' therefore not as important. 
An example of the three methods of data presentation for one pilot 
sample is shown in figure 2.2. Usually pilot samples from only one 
core from any one site were used as the sediments of other cores from 
Oe 
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Figure 2.2 Different methods of plotting demagnetization data_ 
a) normalized intensity curve, b)stereogrophic projection with 
average core decli notion set to N, c) behaviour of 
components of magnetization (normalized with respect to Z0). 
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the same site were assumed to have similar magnetic properties. 
From an examination of the demagnetization data for the pilot 
samples a cleaning field could he chosen for all the core samples. 
Records of the variations in magnetic declination, inclination, 
intensity and susceptibility with depth in the Finnish sediments were 
acquired by the methods described above so that secular variation 





The locations and physical settings of the lakes studied are 
described in this chapter. NRM measurements and partial demagnetization 
analyses made on the sediments are discussed. 
3.2 Lakes studied 
The sizes and depths of lakes were important factors influencing 
their selection for palaeomagnetic study. Lakes chosen had to be large 
enough for areas of quiet undisturbed sedimentation to exist within 
them and deep enough to allow use of the available Mackereth (1958) 
coring equipment. Furthermore, scientific studies were already being 
carried out by Finnish scientists on some of the lakes selected. 
Additional information, such as pollen analysis, was thus available. 
The locations of the six lakes studied are shown in figure 3.1. 
With the exception of Valkiajarvi, all were cored during the summer 
of 1975. As described in chapter 2, Valkiajarvi was cored during the 
winters of 1975 and 1976 . 
The lengths of sediment cores and the water depths in which the 
cores were taken from each lake are shown in table 3.1. Another lake, 
Suomenjarvi, was also visited in 1975 but only short cores were obtained 
and these were not studied. The most likely reason for the unsuccessful 
coring of the Suomenjarvi sediments was that a sand layer present in 
the upper sediments (Merilainen, pers. comm.) had prevented further 
penetration of the corer. 
The deglaciation history of Finland can be worked out from pollen 
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of .E Finland, the whole of NE Finland and Lapland occurred in an ease 
to west direction. Pollen data from Eastern Finland date the deglaci-
ation at 9500-9000 y BP. The deglaciation of SE and southern E Finland 
began about 10,200 y BP and took place from the southeast. During the 
ice retreat in this area terminal moraines were deposited forming the 
two Salpausselka ridges which occur as parallel arcs across S and SE 
Finland as illustrated in figure 3.1. 
Paajarvi (61.10N, 25.1
0E) is situated 3 km southeast of the village 
of Lanuni in southern Finland. The lake lies between the two Salpausselka 
moraine ridges and has developed at the junction of two shear zone 
systems (Ruuhijarvi, 197 4 ). It has a maximum depth of 81 m and is one. 
of the deepest Finnish lakes. 
Five cores were collected from Paajarvi, three from the main basin 
and two from a small bay on the southern side of the lake. The bathy-
metry of the lake and the coring sites are shown in figure 3.2a. Core 1 
was very short and was not studied. 
Orinajarvi (61.1
0N 5 25°E) lies close to Paajarvi,to the northwest 
of Lanimi. Most of the lake is less than 10 m deep but a longitudinal 
depression exists in the central part of the lake from which two cores 
were taken, as shown in figure 3.2b. 
Vuokonjarvi (6) 0N, 300E) is an elongate NW-SE trending basin 8.5 km 
in length. Much of the central part of the lake is occupied by an 
island. During the nineteenth century the water level in the lake was 
lowered by a total of 7 m. Vuokonjarvi was the shallowest lake cored 
having a maximum depth of only 8 in. Two cores were taken from the same 
site as shown in figure 3.3. 
Two cores were taken from a bay of Pielinen, a large lake east of 
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Figure 3.5 BathyrnetrY and coring site for Valkiajarvi 
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Kiteenjariri is situated south of Joensuu. Most of the lake has a 
water depth of less than 3 in but the three cores were taken from the 
deeper part of the lake as shown in figure 3.4. The water level of the 
lake has been lowered by a total of 3 in in two stages (1770 and 1850). 
The lake has a permanently oxygen-free water layer above the sediment. 
Valkiajarvi (61.90N, 23-9 0E) is in southern Finland near the 
village of Ruovesi. The inflow and outflow of the lake are both slight 
and the water of the lake is permanently stratified (Merilainen, 1970). 
The maximum water depth is 25 in. Three cores were taken from one site 
as illustrated in figure 3.5. 
3.3 NRM results 
3.3.1 Paajarvi 
The stratigraphy of three of the five cores taken from the two 
coring sites is shown in figure 3.6. The sediments were mainly organic 
muds some of which were laminated. Clay was found at the bases of cores 
14 and 5. 
Long core measurements of the NRM and magnetic susceptibility were 
made on the cores. Some of the data are shown in figure 3.7. Due to 
an instrumental fault a declination record was not obtained from core 4. 
Cores 2, 14 and 5 were opened and subsampled, and core 3 was sent 
to Joensuu University for detailed pollen analysis. Magnetic records 
from the core it samples are shown in figure 3.8. The computer program 
used to plot the data sets the average declination down the core to 
zero. The scattered declination results from the samples of the upper 
2 m of core 14 implied that some disturbance had taken place. Some 
disturbance of the topmost sediment occurs when the anchor chamber of 
the corer is pumped in but should not affect more than about 1 m of 
the sediment. Inclination measurements made on the core 4 samples were, 
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Figure 3.6 Stratigraphy of sediment cores taken from Paajarvi. 
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Figure 3.7 Long core NRM and susceptibility data for 
Pciojarvi cores 2ond 6. 
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however, less scattered. a 95 was 1.85 0 for the core -i data. The 
average inclination for core 4 was 670.  From the axial geocentric 
dipole model the expected inclination at the latitude of Paajarvi is 
0 	 -, 
76 so that agreement was not very good. 
Fairly well defined inclination swings were present in core 
with a maximum peak to peak amplitude of 15° . The declination record 
did not show clear swings because of the scatter. 
The NRM intensity in core 4 mainly varied between 40 and 60 pG, 
although a few samples had intensities above or below this range of 
values. A peak was present at the top of the core in the susceptibility 
log. Susceptibility values for sediment from 0.5 m to 4.5 m in the 
core were consistently around 5 pG 0e 1 but in the clays below 4 .5 m 
a gradual increase in susceptibility occurred. 
Eight pilot samples were taken from core I and stepwise demagnetized 
up to 800 Oe. Data from some of these are shown in figure 3.9. The 
mdf of the NRM was c 550 Oe. From the magnetization component plots it 
was decided to AF clean all the core samples at 1400 Oe. Very little 
difference in the directional data was apparent between the cleaned and 
uncleaned results as shown in figure 3.8b for core 4• A decrease in 
the intensity of magnetization of about 25% occurred on cleaning, a 95 
for the cleaned data was slightly higher than for the NRM data at 1.870 , 
From the long core data (figure 3.8) the top metre of core 3, 
taken from the same site as It, also seemed to be disturbed. A maximum 
peak to peak amplitude in the declination record of 
350 
 was observed. 
Comparison of the declination and intensity data for cores 3 and 14 
(figure 3.8) showed that although the cores could be correlated along 
part of their length, the two sets of records diverged below a depth 
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Figure I.8ci Intensity, susceptibility and Q-ratio data for Paajarvi cores 3(Icng core measurements) 
and 4(single samples). 
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Figure 38b Declination and inclination data for Paajarvi cores 30or-core 
measurements) and core 4 (single samples) with C 14 and pollen analysis ages. 
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Figure 3.9 Behaviour of components of magnetization during 
demagnetization of Poajarvi core 4 samples. Components 
normalized with respect to Z 0 . 
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in the declination measurements from core  at 14.5 mit was thought 
likely that sediment was missing from core 14 thus making the basal 
sediments of this core older than those of core 3. Clay was encountered 
at the base of core 14 but from pollen analysis this was not late Glacial 
in age (O'Sullivan, pers. Comm.), but early Flandrian. 
Samples from different parts of core 14 were sent to the Scottish 
Universities Nuclear Reactor Research Centre for radiocarbon age 
estimates to be made (Harkness, 1971). In addition to this, pollen 
analyses were carried out on sediment from core 3 by Dr. P. iluttunen 
and from core 4 by Dr. P. O'Sullivan. The dates obtained from both 
the radiocarbon method and pollen analyses are shown in figure 3.8. 
As can be seen, there were major discrepancies between the results 
given by the two methods. 
A good pollen marker band found in deposits all over Finland is 
prorided by the spruce invasion which occurred at 5000 y BP. This was 
located in both core 3 and core 14 and the pollen analysis is thought to 
provide a more reliable time scale for the sediments than the younger 
radiocarbon age estimates made for sediment samples from core 4. An 
age depth curve for core 3 has been drawn up (figure 3.10). Sedimen-
tation rates appear to have varied from 0.01 to 0.16 cm/y. 
Pollen analysis also confirmed that part of the sediment record 
was missing from the lower part of core It. A date of 8000 y was 
estimated for sediment from 4.5-5 m in core 14 and also on sediment 
from 5.5 m in core 3. 
By comparing the magnetic records from cores 3 and 14 and using 
the dates obtained from pollen analysis on both cores it is possible 
to make an estimate of a period in the inclination data. The cycle A 







Figure 31.0 Age.-depth curve for Pcicijcirvi 
core 3. (Ages from pollen 
analyses) 
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even a rough estimate of the length of any cycle in the declination 
record because of the scatter of the data and the break in sedimentation 
in core 4. 
Cores 2 and 5 were taken from the small bay on the southern side 
of the lake. The long core NRM data for core 2 is shown in figure 3.7. 
There seemed to be little similarity between records from the two cores 
but both cores were opened and subsainpied so that more detailed NRM 
measurements could be made. 
Declination data from the top 2 m of both cores were scattered as 
shown in figure 3.11. The mean inclinations of the two cores differed 
considerably, being 810  and 
550 
 for cores 2 and 5 respectively. it is 
probable that the corer did not penetrate the sediments vertically. 
a 95 
values were 1.060  for core 2 and 3.170  for core 5. 
Susceptibility values for core 5 were low ("3 pG 0e 1 ) but at 5 m 
values began to increase, reaching 25 pG Oe'. Values of susceptibility 
in core 2 were higher than in core 5 and were constant down the core 
apart from some narrow peaks near the base. The intensity values of 
core 2 were also higher than those of core 5 and were again fairly 
constant down the core after an increase with depth over uppermost 
0.7 m. In core 5 the NPuM intensity was low at the top of the core and 
also showed a decrease at a depth of 3.5 m. A peak in intensity at 
5.25 m in core 5 coincided with high susceptibility measurements. 
It seems likely that some sediment was missing at 2.5 m in core 2 
as discontinuities in both the inclination and declination records 
occurred at this point. Such a discontinuity in declination can occur 
due to misorientation of the separate core sections during cutting. 
One can refer to the long core declination data to check this. In the 
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Figure 3.12 Behaviour of components of magnetization during demagnetization 
of Poajarvi core S samples. Components normalized wiff respect to Z0. 
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boundary. Clay was found in the lowermost part of core 2, but not in 
core 5. The clay was probably older than the organic sediments and 
provides further evidence that part of the stratigraphy of core 2 was 
missing. 
Eight pilot samples from core 5 were progressively demagnetized. 
The mdfs varied from 1420 to 520 Oe. From the behaviour of the pilot 
samples (figure 3.12), a field of 400 Oe was chosen in which to clean 
all the sediment samples from the core. Cleaning resulted in an intensity 
decrease of approximately 30% but little change in the directional data 
which remained scattered. a95 increased slightly to 1.15. 
Correlation of magnetic data between cores 2 and 5 could not be 
made very easily. The sediments of core 5 were probably disturbed 
producing the scattered magnetic directions and low intensities found 
in the lower part of the core. Since the bay was deep (39 rn) for its 
size, slumping of sediments within the small basin could easily have 
occurred producing differences in stratigraphy over small distances. 
Correlating the magnetic records between the two sites in Paajarvi 
was also '.msatisfactory. Reasons for this included the facts that 
sections were missing from the stratigraphy at each site and that the 
sedimentation rates were probably different. The magnetic data from 
cores 2 and 5 was of poor quality. 
3.3.2 Ormajarvi 
Two cores were taken from the same site in Ormajarvi. The 
sediments were mainly organic muds as shown in figure 3.13. When 
measurements of the NRM and susceptibility were made on the long cores 
the results were not very promising. The two cores were subsampled in 
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Figure 3.13 Stratigraphy of sediment cores taken from Ormajarvi. 
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Little declination variation was visible in the single sample data 
of core 1. Random declination values measured in the uppermost 1 m of 
the sediment can be attributed to disturbance of the sediment during 
coring. The single sample data for both cores is shown in figure 3.14. 
At a depth of 4 m-in core 1 there was a slight discontinuity in the 
declination record. A sharp decrease in inclination and intensity also 
occurred at a depth of 4 in in core l• The average inclination for core I 
was 63
0 
 and cx95 was 2.7140 	 - 
Values of susceptibility were fairly constant at about 5 PG Oe' 
in all the samples from core 1. The measured intensity increased with 
depth in the first metre of the core to a maximum value of approximately 
50 pG. Values then decreased with depth to about 8 pG at a depth of 4 m, 
as mentioned above. 
- Data from core 2 did not bear much relationship to the data frOm 
core 1. The intensity values were low (l0 pG) in the upper 2 m. At 
depths of greater than 2 in an increase in intensity to values of around 
50 pG was observed. 
Both declination and inclination records were scattered in the 
upper 1.5 m of core 2. cr95 was lower than for core 1 being 1.840 but 
the average inclination of 63.80  was similar to the value found for the 
core 1 data although both were less than the 76 ° expected from an axial 
geocentric dipole model of the earth's field. 
Pilot samples from core 1 were progressively demagnetized in AFs 
of up to 800 Oe. Some of the results are shown in figure 3.15. The 
mdfs were higher in the upper part of the core. All the samples from 
the core were cleaned in 300 Oe. Cleaning resulted in an increase in 
a 95 
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Figure 3.15 Behaviour of components of magnetization during 
demagnetization of Ormujorvi' samples. Components normalized 
with respect to Zo. 
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- - 	--. 	was gained by cleaning the core 1 samples, 
the samples from core 2 were not partially demagnetized. 
The declination and intensity records from cores 1 and 2 were 
correlatable if it was assumed that the uppermost 1.3 m of sediment 
had been lost from core 1. It is most unlikely that this loss occurred 
during the coring operation and it is more likely to have been caused 
by local erosion. When the stratigraphy of the sediment cores was 
examined the base of. core 2 was found to consist of clay whereas core 1 
was composed wholly of organic mud. Portions of core 2 are therefore 
probably missing if the clay at the base of core 2 is late Glacial or 
early Flandrian in age. The other alternative, that the sedimentation 
rates of core 1 and 2 were different, is unlikely over such a small 
distance. The increase in susceptibility observed at the base of 
core 2 was consistent with observations made on other Finnish lake 
sediments when late Glacial or early Flandrian clays were encountered. 
The appearance of the sediments of core 1 and 2 was different 
with, for example, no sign in core 1 of the black layers found in 
core 2. In view of the sedimentological differences it is possible 
that both cores had sections missing from the stratigraphy so that the 
parts of the two cores with high NRN intensities were probably not 
contemporaneously deposited. The susceptibility data tends to confirm 
this view as the two logs do not correlate. 
No pollen analysis or radiocarbon age estimations were carried 
out on the sediments of Ormajarvi as there was little chance of any 
inclination or declination periodicities being obtained. 
3.3.3 Pielinen 
The stratigraphies of the two cores are shown in figure 3.16. 
There appeared to be little agreement between the sediments of the two 
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Figure 316 Stratigrauhy of sediment cores taken from Pielinen 
24 
cores. When the NRM of subsamples from the cores was measured the 
directional data was found to be scattered as shown in figure 3.17 
a95 	2.24 and 2.39 for cores I and 2 respectively. Average 
inclinations differed considerably' 88.9 ° for core 1 and 65.1° for 
core 2. The difference was due to the fact that core 1 was not taken 
vertically as shown by the deviation from the horizontal of laminations 
in the core and although not visible the same was probably true of core 2. 
Intensity and susceptibility values were lower in core 1 than in 
core 2. Both intensity records had low values at the top of the cores. 
A peak in susceptibility occurred near the top of core 2 and coincided 
with a dark layer in the stratigraphy. 
After eight pilot samples from core 2 had been demagnetized 
(figure 3.18) the two cores were cleaned in 200 Ce. The rcdf of the 
NRM was 310-380 Oe and samples were not stable above 600 Ce. Cleaning 
did not reduce the scatter in measured magnetic directions and it was 
still not possible to make even a tentative attempt to correlate the 
data from the two cores. 
The sediments in the cores were probably not continuous sequences. 
Two examples of points from which sediment may have been missing were 
detected from discontinuities in both the declination and inclination 
records of core 2 at 4 m and at 5.3 m. As in the case of the Ormajarvi 
l4  
sediments, no C or pollen analysis was carried out to date the sedi-
ments because of the poor quality of the magnetic data. 
A possible explanation of the scattered and uncorrelatable data 
obtained from the.. Pielinen sediments is that currents exist within the 
bay disturbing the deposited sediment. A river enters the bay from 
the west and a current system probably exists in the lake as a whole. 
Alternatively, the sediment may for some reason not be a good recorder 
of geomagnetic changes. 
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3.3.14 Vuokonjarvi 
The sediments of cores from Vuokonjarvi were fairly rich in clay 
as illustrated in figure 3.19. Well defined swings appeared in the 
smoothed long core declination data, as shown in figure 3.20, and these 
could be correlated between the two cores. 
NRM measurements were made on subsamples of both sediment cores 
(figure 3.21). The declination swings were no longer as clear as in the 
long core measurements but could still be defined. The maximum peak to 
peak amplitude was about 
350• 
 c 95 was lower in core 2 (1.39°) than 
core 1 (2.210).  The mean inclination for core I was 5770 This was 
lower than for core 2 where the value was 73.140  which was closer to the 
expected inclination of76 ° . Laminations in core 1 were not horizontal. 
As the water of the lake was so shallow it is probable that the corer 
did not settle into the sediment in a vertical position prior to the 
taking of core 1. Non-vertical coring thus probably accounts for the 
low inclination. The maximum peak to peak amplitude of the inclination 
records was 150. 
Values of intensity and susceptibility both increased with depth 
in the two cores. 
In an investigation of eight pilot samples from core 2 the remanence 
carried by the sediments was found to be stable. Some of the results 
are shown in figure 3.22. The mdf of the NRM varied between 320 and 
1470 Oe, being lower in the lower part of the core. All the samples 
from both cores were cleaned in a field of 200 Oe. c 95 for core 2 
slightly decreased to 1.37 but for core 1 the value was increased 
slightly to 2.33g. No advantage was gained by cleaning the samples as 
can be seen from figure 3.21b. Independent correlations of the intensity, 
susceptibility and directional data were possible. Individual features 
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Figure 3.21 a 	Intensity, susceptibility and 0 ratio data for 	Vuokonjorvi sediment 
samples. - 
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core 2 data and sediment ages 
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in the susceptibility record could be correlated between the two cores 
showing the deposition rates to be very similar. From comparisons of 
both the intensity and the susceptibility records of the two cores it 
appeared that the uppermost sediment of core 1 was missing. The high 
intensity and susceptibility at the top of core 2 coincided with a 
sticky clay layer which was absent from core 1. An abrupt intensity 
increase present in core 1 at 5.3 m and occurring at a deeper level in 
core 2 indicated that a section about 0.75 m in length was missing from 
core 1, assuming that the stratigraphy of core 2 was complete. The 
increase in intensity and susceptibility at 4.6 m in core 2 reflected 
a sedimentological change to dense clay. Both the intensity and the 
susceptibility values were more scattered in the clays than the organic 
material above which implies that the clays were less homogeneous. The 
clay was evidently more rapidly deposited than the overlying sediment 
since no variation in the declination record was seen in this part of 
the core. Inclination values were more scattered than in the overlying 
organic sediment. 
In order to try to obtain magnetic data from the uppermost sediment 
of the lake which had been disturbed during the coring, cores of 1 n 
in length were collected. These were taken using a Russian sampler 
during the spring of 1976 with the assistance of members of the 
University of Joensuu. Magnetic directions in these cores unfortunately 
were unreliable and therefore were of little use in extending the data. 
Radiocarbon age estimates were made on samples of sediment from 
core 2 (Harkness, 1977) but, as shown in figure 3.21, these ages were 
too great in view of the fact that deglaciation of the area did not 
take place until 9500 y BP. The explanation of these errors is thought 
to lie in the fact that graphite, derived from schists in the catchment 
area, was present in the sediments. 
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Figure 3.22 Behaviour of components of magnetization 
during demagnetization of Vuokonjarvi samples. Components 
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core 2. (Ages from pollen analysis.) 
Pollen analyses were carried out by Dr. P. Iluttenen on sediment 
from core 2. Dates from this investigation proved more reliable than 
the radiocarbon ages (figure 3.21). These age estimates also confirmed 
the rapid deposition of the basal clay found in core 2. By interpolating 
between the pollen dates using the age-depth curve shown in figure 3.23 
it was possible to estimate the lengths of two cycles in the declination 
record of core 2. Results of 2100 y and 2000 y were obtained from the 
smoothed long core declination data for the cycles labelled AB and CD 
respectively in figure 3.20. A period of about 2100 y was obtained 
for the inclination cycle labelled EF in figure 3.21. The sedimentation 
rate, deduced from the age-depth curve, seems to have been 0.03 - 0.07 cm/y. 
3.3.5 Kiteenarv 
Three cores were taken from the deepest part of Kiteenjarvi. 
The sediments are illustrated in figure 3.21. All the cores consisted 
mainly of organic mud, with clay occurring at the base of core 3. A 
dark band. 12 cm wide was present at aproxirnate1y 1.2 m from the mud-
water interface in all three cores. On exposure to air the colour of 
the band changed to reddish-brown, implying oxidation. As already 
mentioned, the bottom waters of Kiteenjarvi are oxygen-free. 
From the long-core and single sample data the declination and 
inclination records of the top metre of each core were found to be 
scattered as can be seen from figure 3.25b. Over much of the lengths 
of the cores the scatter in declination was such that cycles could not 
ii picked out. The inclination data showed more variation A maximum 
peak to peak declination amplitude of about 25 
0
was observed. Mean 
inclinations were 66.I°, 
7970 
 and 71.30  for cores 1, 2 and 3 
respectively so that core 1 may not have penetrated the sediments 
vertically. The sediments of core 2 did show signs of disturbance 
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which would account for the greater scatter in magnetic directions. 
a 95 for core 2 was 1.117° , higher than for cores 1 
(0950)  and 3 (1.120). 
Intensity values were low at the top of the cores, but low values 
did not occur here in the susceptibility records (figure 3.25a). 
Increases in both intensity and susceptibility coincided with the 
change from organic sediment to clay near the base of core 3. A peak 
present near the top of all the susceptibility records correlated with 
the dark band described above. 
Pilot samples from cores 1 and 3 (eight in each case) were pro-
gressively partially demagnetized in fields of up to 800 Oe. Results 
from some of the core 1 samples are shown in figure 3.26. The mdf of 
the NRM was found to be between 320 and 430 Oe. The directional data 
of both cores appeared to be very similar before and after cleaning in 
300 Oe as shown in figure 3.25 for core 1. 
Correlations between the cores were possible using the intensity, 
susceptibility and directional data independently, thus ensuring valid 
matching of cores. The Q-ratio plots were also used to confirm the 
intensity and susceptibility correlations. Features in the intensity 
or susceptibility records of a core are often more clearly defined 
than features in the inclination and declination logs. The susceptibility 
logs of the Kiteenjarvi sediments provide a good example of this. 
Intensity and susceptibility records for the three cores could be 
well matched and the deposition rates were very similar as little 
stretching of cores was necessary to obtain a good fit between data 
from the cores. 
Declination records for cores 1 and 3 were easily correlated, but 
the record for core 2 was not immediately correlatable with them. If, 
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the declination record is found to match the records from the other two 
cores. The implication is that the core tube twisted during coring 
thus affecting the declination record. 
Pollen analyses were carried out on the upper 3 in of sediment from 
Kiteenjarvi by Dr. J. Vuorinen. It was found that the topmost sediments 
had been reworked and could not be dated. The reworking could not have 
extended to any depth within the sediment because of the good correl-
ations between magnetic records from the three cores at depths greater 
than 0.5 in. 
A radiocarbon age estimate of 7607 ± 95 y was obtained (Harkness, 
1977) for sediment from between 5.05 and 5.21 in in core 1 but in view 
of the errors found when checking C 1 dates for cores from other lakes 
this estimate should be treated with caution. 
Cores 1 m in length were also collected from the lake sediments so 
that measurements of magnetic direction changes might be made on the 
uppermost sediment. As with the Vuokonjarvi short cores the directional 
data was found to be unreliable. In addition a very short (25 cm) core 
was collected by members of the University of Joensuu. This confirmed 
that the sediment at the mud-water interface had a low NRM intensity. 
3.3.6 Valkiajarvi 
Four cores taken from the deep part of the lake were studied. 
Although the sediments could be dated by counting the seasonal rhythmites 
the quality of the palaeomagnetic data was poor. The directional data 
was scattered and could not be correlated between the cores • 
varied between 1.2I 
0 and 3.140  
One reason for the scattered magnetic direction measurements was 
the nature of the sediments. The bottom of the lake was anaerobic and 
when the sediment cores were exposed to the air expansion took place 
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which, coupled with the high water content of the sediments, caused 
extensive disturbance to the sediment. 
Pilot samples were demagnetized and the mdf of the NRM was found 
to be between 380 and 480 Oe. The remanence was stable despite the 
badly scattered NRM measurements. 
3.4 Discussion 
Measurements of the NRM carried by the Finnish lake sediments did 
not always produce data of the quality necessary to define secular 
variation of the geomagnetic field. The magnetic records from the 
sediment cores of Paajarvi, Vuokonjarvi and Kiteenjarvi could be usually 
correlated within each lake although correlation between the two Paajarvi 
sites was not possible. Magnetic data from the Ormajarvi, Pielinen and 
Valkiajarvi sediments was not correlatable between cores even though 
the NRM carried by the sediments was stable. 
From stratigraphic, magnetic and pollen evidence the sediments of 
several cores did not appear to be continuous sequences. Differences 
in sediments occurred between cores from the same site causing correlation 
difficulties. Erosion of sediments must thus often be fairly localized 
within a lake. 
As shown in table 3.2, the maximum inclination and declination 
amplitudes of 15° and 
350  respectively were obtained from the Vuokonjarvi 
records. The amplitude differences between cores must be due to differ-
ing amounts of smoothing during the remanence acquisition process. 
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Paajarvi record. Inclination and declination cycles in the Vuokonjarvi 
sediment records both had lengths of around 2000 y. The inclination 
cycles in the Paajarvi and Vuokonjarvi cores were of different ages. 
It is possible to match the inclination records of Paajarvi core 4 and 
peak to peak amplitude 
core 	 inclination declination 
0 	 0 
Vuokonjarvi 	1 12 32 
2 15. 35 
Kiteenjarvi 	1 10 25 
2 8 25 
3 8 25 
Paajarvi 	14 15 30 




Vuokonjarvi core 2 (figure 3.27) if it is assumed that the upper sediments 
of Vuokonjarvi were deposited at a much slower rate than those of Paajarvi 
or that they are missing. From the age depth curves (figures 3.10 and 
3.23) the upper sediments of Vuokorijarvi do appear to have had a slower 
rate of deposition than those of Paajarvi. The correlation between the 
declination records of the two cores is not as clear due to the greater 
scatter in the data (figure 3.27). Without dating controls it is difficult 
to correlate the Kiteenjarvi results with the Paajarvi and Vuokonjarvi 
declination curves but a possible correlation is shown in figure 3.27. 
Data from two clay cores from two sites (Starno and Stilleryd) in 
S Sweden (Noel, 1975) cannot be correlated with the Finnish magnetic 
measurements. The upper parts of the cores consisted of sand and clay. 
The top of the Starno deposits were dated at 0 BC and a slightly older 
but unknown age was put on the upper Stilleryd. sediments. Declination 
data from the upper part of the Starno core exhibit swings of much 
larger amplitude (>100 0 ) than are found in any of the Finnish records. 
The inclination record from this core is too scattered for any correl-
ation with other data to be possible. Similarly the Stilleryd core 
records show large changes in declination. acccmpanied by inclination 
oscillations with a peak to peak amplitude of 140
0 . The most likely 
exolanation for the lack of correlation between the Swedish and Finnish 
measurements is that the Swedish sediments do not provide a reliable 
record of geomagnetic field changes. 
Before the pollen analyses for the Vuokonjarvi sediments were 
available a correlation (Stober and Thompson, 1977) was made between 
the declination record of core 2 and the declination record from the 
Windermere sediments (Mackereth, 1971). Although this appeared to be 
valid, the pollen analysis subsequently showed that the Vuokonjarvi 
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Figure 3-27 	Correlation between inclination 	and 	declination 	logs 	of 
cores from Vuokonjarvi, Poajarvi and 	Kiteenjorvi. 
33 
sediments were in reality much older than those of Windermere with which 
they had been correlated. It is possible that the westerly swing at 
5300 y BP in the Windermere record correlates with what can be assumed 
to be the topmost westerly swing in the Vuokonjarvi sediments at "1.8 in 
in core 2. Beneath this however the swing dates from Windermere do not 
agree with the Vuokonjarvi pollen ages. It is difficult to make any 
correlations between the Finnish and Windermere magnetic declination 
records because of the scattered Finnish data, the different deposition 
rates and the lack of good dating control. 
The Vuokonjarvi-Windermere correlation attempt illustrates the 
limitations of using palaeomagnetic measurements as a dating method. 
At present some age control is necessary for valid correlations to be 
made between magnetic records from different lakes. 
If the hypothesis of oscillating radial dipole sources producing 
the -non-dipole field is correct (Creer, 1977) there is no reason why 
repeated periodic variations in declination and inclination should exist, 
unless the site at which geomagnetic changes are recorded is close to 
one of the dipoles. In this case secular variation would be dominated 
by the oscillation frequency of the one dipole. Changes should, however, 
be correlatable over short distances. At present it is not possible to 
objectively correlate magnetic records from different locations although 
methods of objectively smoothing scattered records from sediment cores 
are being developed (Clark and Thompson, 1978). 
On the geomagnetic declination chart for 1955, Britain lies on a 
lO°W line whereas E Finland has a declination of 0•  If such a difference 
exists now it is reasonable to assume -that differences have existed in 
the past. Cycle lengths recorded in the Windermere and Finnish sediment 
records differ. 
31; 
With some control on sediment age it has been possible to determine 
secular variation in Finland over the past 9500 Y. 
CHAPTER FOUR 
Magnetic mineralogy 
In this chapter the methods used to investigate the magnetic 
mineralogy of the sediments and to determine the carrier of the stable 
NRM are described. 
4.1 Possible remanence carriers 
Two groups of minerals are most likely to be of interest in the 
Finnish sediments. One of these is the solid solution series of 
ferriniagnetic minerals between pure magnetite (Fe 3O) and uJ.vcspinel 
(TiFe 2O). Non stoichiometric forms can also be important, an example 
being maghaemite (yFe 2O 3 ). In addition, cation species other than 
iron are usually present in the mineral structures. The second group 
consists of the solid solution series between haematite (aFe 2O 3 ) and 
ilmenite (FeT1O 3 ) of which the former is the more common renanence 
carrier and which owes its magnetic properties to a combination of 
canted antiferroinagnetisin 	a superimposed parasitic ferromagnetism. 
Ne1 (19 149) calculated from theoretical considerations that the 
critical size, d5 , above which magnetite grains were single domain (SD 
and below which grains were super-paramagnetic was 0.03 P.  An experi-
mental estimate of d of 0.029 -0 . 0 
 
36 p was obtained by Dunlop (1973). 
For spherical magnetite grains the critical size for multidomains, 
is theoretically very close to d. This similarity in values led 
Stacey (1963) to suggest that only multidomain (MD) grains were of 
interest in palaeomagnetism. Dunlop (1973) also found that for equant 
particles d0 was 0.05 p  so that the SD range for such particles was 
very small. MD magnetite grains would, however, not be capable of 
36 
carrying remanences with coercivities of a few hundred Oe. as are 
commonly found in rocks. Calculations made for elongate magnetite 
particles with a dimension ratio of 5:1 result in a larger value of 
d0 (Butler and Banerjee, 1975). Both d0 and d5 increase with increasing 
titanium content, as does the stable SD grain size range. For conven -
ience pure magnetite and the titanornagnetites will be referred to here 
as 'magnetite'. 
It has been found experimentally that the change from SD to MID is 
not sharply defined. In small ND grains the domain walls can only 
take up certain positions because of domain wall interactions and 
crystal defects. These positions may not coincide with those necessary 
to cause cancellation of domain moments and a net magnetic moment can 
result. The moment can be reversed but the particle cannot be demag-
netized. Such grains behave in a similar manner to SD particles and 
have been termed pseudo-single domain (PSD) (Stacey, 1963). Another 
explanation of PSD behaviour in grains with only two domains lies in 
the fact that the wall itself has a residual magnetic moment normal to 
the domain magnetizations. If the wall is not central a net moment is 
produced. 
During an investigation of the magnetic properties of dispersed 
magnetite powders, Parry (1965) found a change in the relationship 
between coercivity of remanence and grain size at about 18 p and 
concluded that smaller grains were no longer truly MD, thus putting 
an upper limit on the PSD size range. 
Over a grain size range of 1.5 p to 120 p Parry (1965) found that 
coercivity, coercivity of remanence, and saturation remanence for 
magnetite all increased with decreasing grain size, whilst susceptibility 











3 	-1 Gcm0e 
120 1.3 110 0.24 
88 7.7 180 0.21 
58 7.6 190 0.22 
37 9.6 200 0.22 
21 9.0 230 0.21 
19 12.0 220 0.19 
12 14.O 230 - 
6 21.0 230 0.19 
1.5 30.3 320 0.16 
1.5 30.0 320 0.19 
TABLE 4.1: Variation of J rs , cr 
H and y 
with grain size (after Parry, 1965). 
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Bnerjee (1971) determined d5 for haematite to be 0.0275 p, using 
the Mossbauer technique. Theoretical calculations (Stacey, 1963) 
based on the inagnetostatic anisotropy energy found for large single 
crystals, predicted a value of 1.8 p for d. The discrepancy is 
thought to be due to a larger magnetic anisotropy energy for small 
than for large grains (Banerjee, 1971). According to Dunlop (1971) 
the value of d0 for haematite probably lies between 10 p and 100 p. 
Fine grained haematite exhibits a much higher coercivity of remanence 
than is ever observed in magnetite. 
Other magnetic minerals of minor importance include goethite and 
the pyrrhotites. Goethite has been shown to be capable of carrying a 
remanence (Banerjee, 1970) and pyrrhotite has a spontaneous magnetization 
of 13.5 G g 1 (Stacey and Banerjee, 1974). 
From a number of experimental tests and techniques it was possible 
to assemble data concerning both the total magnetic mineralogy and the 
NEM carriers of the Finnish sediments. 
14.2 Bulk magnetic mineralogy 
It is possible to derive information about the total magnetic 
mineralogy of the sediments from an examination of their magnetic 
properties. From such an investigation some deductions concerning 
the NRM carriers, which form only a part of the total magnetic fraction, 
can also be made. 
The normal method of characterising the magnetic properties of 
a substance is to measure the saturation magnetization, 	and the 
coercive force, H using a vibrating sample izagnetometer. This equip-
ment was not available at Edinburgh and so the saturation remanent 
magnetization, J 
rs'  was measured after "saturating" samples in a field 
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of 10 k0e. By then applying a magnetic field in the opposite sense 
until the isothermal remanence (1RM) was decreased to zero, the 
coereivity of remanence, H , was found. Measurements of J and H 
cr 	 rs 	cr 
can be fairly rapidly obtained using an electromagnet to provide the 
strong fields needed. Fields of increasing strengths were applied in 
stages to the samples so that the value of saturating field, H 5 , 
could also be obtained. 
Magnetite saturates in a field of 1 or 2 k0e and "cr values are 
of the order of a few hundred Oe. Fine grained haematite requires a 
much larger field for saturation and has a higher 11cr 
than magnetite. 
The presence of one or other mineral can be detected from the IRM 
measurements. Complications can arise from the fact that coarse grained 
haematite, like magnetite, saturates at a few kOe. Fine, elongated 
grains of magnetite give rise to 11cr 
 values of 4- 500 Oe but can be 
distinguished from fine grained haematite by the fact that the magnetite 
still saturates at a fewk0e. 
Sets of eight samples from the sediments of each lake were 
subjected to magnetic fields and an IRM grown in steps of 100 Oe up 
to 1 k0e and then in larger steps up to 10 k0e. The field direction 
was then reversea. Values of H 
S5 	 rs 
, H and J are given in table 14.2 
and 3 specimen curves are shown in figure 14.2. 
Vuokonjarvi was the only lake for which none of the sediment 
samples was saturated in a field of 2 k0e. This tendency was most 
apparent in samples from the upper part of the core. Elongate magnetite 
particles might have accounted for the high H (550 Oe) of Vu2-20cr 
(figure 14.1) but the sample was not saturated in a field of 10 k0e so 
that fine grained haematite was definitely present. Sample Vu2-147 
also had a fairly high Her  (1425 Oe) but beneath this level in the core 
i 0 
Vuokonjarvi Core 2 
sample 20 147 78 109 1140 1714 208 2143 
depth cm 75 137 206 277 346 14214 501 581 
H 	Oc 550 14140 370 390 380 360 350 3140 
HcrkOe 10 7 5 5 5 5 5 6 
pG 208 555 2130 1380 5080 7030 19520 30050 
Kiteenjarvi Core 1 
sample 27 514 83 108 137 162 189 218 
depth 814 1149 216 272 3140 395 1453 523 
H 360 268 3145 1430 14140 350 330 350 
Her 2 .2 2 2 2 2 2 2 
950 365 6140 880 980 1500 950 1144O rs 
Pielinen Core 2 
sample 114 30 50 70 90 110 130 150 
depth 272 308 353 399 14145 1490 535 581 
H 350 350 350 350 350 355 350 3140 
Her 2 2 2 2 2 2 2 2 
J 27000 12580 18100 18100 11550 114300 23200 114500 rs 
Paajarvi Core 14 
sample 15 145 75 105 135 165 195 225 
depth 55 123 1914 261 337 1405 1478 5148 
H 1455 1455 1480 465 580 1460 1465 14140 
Her 2 2 2 2 2 2 2 2 
1220 11450 13140 1680 1320 1360 18140 1900 rs 
Paajarvi Core 5 
sample 15 140 55 80 105 130 155 186 
depth 107 162 197 255 315 3714 1432 502 
H 360 365 445 1465 1460 360 1470 14145 r 
1 1 14 2 2 2 2 2 
180 850 1080 1780 1800 560 180 580 rs 
Ormajarvi Core 1 
sample 15 140 65 95 120 1145 170 195 
depth 88 157 230 302 367 1433 1499 565 
H 1430 1450 14145 1475 h140 14 1t5 1475 1430 r 
2 1 1 2 1 1 2 1 
530 1150 950 1360 1510 1800 11480 11400 rs 
Valkiajarvi Core 0 
sample 13 26 39 51 65 78 91 108 
depth 314 614 93 121 153 182 212 250 
H 350 1430 350 350 1420 350 650 1430 
Her 1 1 1 1 1 1 14 
J5 380 810 620 820 870 300 90 280 rs 
TABLE 14.2: IRM data for pilot samples. 	(Contd.) 
Valkiajarvi Core ItB 
sample 	13 	26 	Ia 	68 
depth 37 71 109 187 
H 	 565 	5145 	1480 	315cr 
6 6 6 6 
is 46 	130 	1450 	21460 rs 
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Figure 4.1 	Examples of IRM curves. 
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both H 
cr 	s 	 s 
and H were lower. The H values of the deeper samples implied 
that some fine grained haematite was present in most samples although 
the proportion decreased with depth. 
Sediment samples from Kiteenjarvi all had H values of around 
2 k0e and H between 300 and 100 Oe indicating that magnetite was the 
cr 
dominant magnetic mineral. Pilot samples from Pielinen exhibited 
similar behaviour in that all were saturated in fields of between 2 
and 3 k0e and 'Tcr values were 350 Oe on average. The lowest set of 
H5 values occurred in the Valkiajarvi samples with most being saturated 
in a field of 1 kOe, although the lower samples of core 0 and those of 
core 4B had higher H 
S 
values. Hr in the samples from core lB was 
also higher than for shallower samples. 
Data from the Ormajarvi sediments indicated that fine grained 
magnetite was the main magnetic mineral. Her measurements were high 
0A450 Oe) but H values were low, as expected for magnetite. 
Samples from both coring sites in Paajarvi were found to saturate 
in fields of a few k0e. One exception to this behaviour was found in 
sample Pj5-55 where H 5 was larger than but Her similar to the values 
found for the next two samples. Magnetite again seemed to be dominant 
in the Paajarvi sediments. 
The largest values of J were obtained from the Vuokonjarvi andrs 
Pielinen sediment samples. A clear increase in J rs 
 values occurred 
down the Vuokonjarvi core with a sharp rise at the depth at which the 
late Glacial clays were encountered. This increase correlates with 
the NRM intensity increase in NRM intensity down the core. Her  values 
in the clays were, however, similar to those of the upper sediments 
implying that the larger J rs 
 values were simply due to a greater 
concentration of magnetite in the clay sediments. Values of Hr  and 
1 3 
H in the Pielinen sediments were very similar to one another in each 
case, although J 
rs 
 varied by a factor of 2, again as a result of 
magnetite concentration in the lower sediments. 
Incremental coercivity spectra (Dunlop, 1972) were drawn up from 
the IRM data and presented as histograms. A selection is shown in 
figure 4.2. Each block represents the proportion of J rS  acquired over 
the particular magnetic field increment. It is possible to see the 
relative importance of different coercivity ranges in the total magnet-
ization grown. Sediment samples from all the lakes except Pielinen 
had smooth coercivity distributions which peaked at boo or 500 Oe. 
The coercivity distributions of the Pielinen samples were more uneven 
and a greater variation between samples was apparent, reflecting 
changes in the magnetic mineralo gy. 
The IRM measurements described above provided evidence for the 
predominance of magnetite grains in the magnetic mineralogy of the 
sediments studied. 
4.3 Domain state determination 
Lowrie and Fuller (1971) put forward an experimental test for 
determining whether the magnetite in a rock was SD or MD. The principle 
of the method was that the resistance of SD grains carrying a thermo-
remanent magnetization (TRM) to AF demagnetization decreased with 
increasing inducing field strength but the stability of a TRM carried 
by MD grains increased. Comparisons of TRM stability with the stability 
of an IRM during AF demagnetization were made as the stability of an 
IRM carried by SD grains is lower than that of a weak field TRM 
carried by SD grains, but an ThM carried by MD grains is more stable 
than a low field TRM carried by MD grains. Later work (Dunlop et al, 
1973; Johnson et al., 1975) showed that an anhysteretic remanent 
0 	Cr 	ii) LU iU 4U J bU IV 0 xlO2 Oe 
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Figure 4•2 Examples of coercivity spectra obtained from 
IRM measurements 
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magnetization (ARM) could be used in place of a low field TRM in the 
test. This modification made the method applicable to unconsolidated 
sediments. An ARM is grown in a sample by subjecting it to an alter-
nating field with a DC field superimposed upon it. As the AF decreases, 
some magnetic grains become magnetized in the direction of the DC field 
rather than being magnetically randomized as during AR demagnetization. 
Sets of eight pilot samples were taken from the sediments of each 
lake, at or near to the levels in the cores from which the NPN stability 
pilot samples were extracted. The samples were AR demagnetized to 
remove the NRM and an ARM grown in them using a DC field of 0.4 Oe 
directed along the axis of the coil used to generate a peak AR of 
990 Oe. The ARMs grown were then demagnetized in stages and the 
remanence measured after each stage. An IRM was grown in the samples 
in a field of 1000 Oe, so as to cover the same coercivity range as 
the ARM, and samples were again progressively demagnetized. Normalized 
intensity curves were then plotted. Results for some of the samples, 
together with the normalized NRM curves for comparison, are shown in 
figure 4.3 and mdf data tabulated in table 4.3. 
The IRM was always a "softer" magnetization than the ARM although 
sometimes the curves crossed, as in the case of the Paajarvi samples. 
Similar results obtained by Johnson et al. (1975) were interpreted as 
resulting from a mixture of MD and SD grains or to grains in the 
transitional size range. PSD grains were found to give the same 
results as SD. 
The highest mdf values for both IBM and ARM were found in the 
Paajarvi and Ormajarvi samples, implying that these sediments had 
fine 
greater proportions ofmagnetite grains in their total magnetic 
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Figure 4.3a Examples of NRM ARM IRM normalized demagnetization curves 
for Vuokonjarvi and Kiteenjarvi samples 
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Figure 4.3b Examples of NRM ARM and IRM normalized demagnetization 
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Figure 4.3c Examples of NRM ARM and IRMnormalized demagnetization 
curves for Paajarvi and Valkiajarvi samples 
200 	400 	600 	807 
245 
Vuokonjarvi Core 2 
sample 20 147 78 109 1714 208 2143 
X VG 0e1 2.0 14.3 
114 
114 17 27 143 66 75 
NRM pG 5.1 17 58 92 1514 136 332 1470 
mdf Oe 1400 1400 1420 2470 2400 370 3140 320 
ARM pG 7.6 17 146 85 112 158 370 1420 
mdf 325 3240 350 1400 370 320 300 325 
IBM 1000 VG 128 390 1705 2710 3960 5700 114610 22870 
xndf 220 180 180 220 180 190 180 170 
Kiteenjarvi Core 1 
sample 27 514 83 108 137 162 189 218 
x 5.8 14.3 6.7 5.5 7.24 9.8 8.24 16 
NRM 21 13 22 20 28 33 28 145 
mdf 1410 320 360 350 380 370 370 1430 
ARM 147 19 143 66 66 103 59 60 
mdf 360 270 280 300 305 330 305 335 
1RM1000 930 3514 620 867 961 114148 911 1360 
mdf 2140 180 200 230 225 2140 220 205 
Pielinen Core 2 
sample 114 30 50 70 90 110 130 150 
x 119 61 76 69 67 62 110 75 
NRM 378 293 365 255 210 333 376 160 
mdf 320 330 380 310 330 320 310 390 
ARM 280 329 355 296 315 350 365 325 
mdf 250 320 330 270 310 310 180 300 
IBM, 224660 11650 16605 105240 1076o 13195 21990 13625 
df' 00° 80 90 90 90 80 90 80 90 
Paaj arvi Core 14 
sample 15 245 75 105 135 165 195 225 
5.0 24.3 3.9 14.9 5.8 7.0 9.9 17 
NRM 246 146 51 55 62 50 70 71 
mdf 550 530 560 560 5140 5140 530 1470 
ARM 143 63 61 72 60 52 76 68 
mdf 270 350 370 360 370 370 350 330 
IBM 1000 1195 11410 1295 1600 1280 1312 1758 1770 
mdf 270 270 290 200 320 270 280 280 
Paajarvi Core 5 
sample 15 240 55 80 105 130 155 186 
x 1.5 2.2 2.5 3.3 3.7 2.2 3.5 14.6 
NRM 12.3 37 147 70 .68 18 2.2 2.5 
mdf 2420 475 510 520 520 24240 2490 1460 
ARM 12 143 50 82 86 36 6 8 
mdf 370 390 1430 1490 1490 380 375 350 
1000 
16 81424 1030 17142 1790 5145 152 502 
mdf 260 300 320 350 3140 280 310 2240 
TABLE 24.3: Mdf data for NRM, ARM and IRM in pilot samples 
(Coritd. 
Orinaj arvi Core 1 
sample 15 140 65 95 120 1145 170 195 
x 4.6 7.8 6.0 5.7 6.8 6.14 6.3 7.8 
NRM 27 50 57 146 35 6.5 3.6 5 
mdf 1470 500 1480 1480 1490 390 350 385 
ARM 35 Ti 65 91 112 126 110 109 
mdf 400 1410 410 1410 1425 1430 1400 1400 
IF&L 000 5140 11145 950 13140 1510 1795 11465 1360 
mdf 300 320 350 3140 340 3140 330 330 
Vaikiajarvi Core 0 
sample 13 26 39 52 65 78 91 1014 
x 1.14 2.3 0.9 1.3 2.0 1.3 1.7 5.7 
NRM 10 17 16 17 19 9 1.6 14.0 
mdf 1420 1470 1460 1425 1460 380 1480 1400 
ARM 26 61 146 68 714 26 2.2 7.2 
mdf 320 375 350 350 350 330 1450 375 
380 815 620 815 870 297 55 230 
mdf 280 350 325 335 280 275 220 165 
Valkiajarvi Core 14B 
sample. 26 141 68 13 
x 14.1 13 48 0.6 
NRM 2.0 5.9 22 0.2 
mclf 330 280 260 - 
ARM 16 149 137 5.8 
mdf 360 380 330 310 
IR4 00  87 
326 2110 27 
mdf 200 170 120 220 
146 
TABLE 4.3 contd. 
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were lower. The NRM was always the most stable renianence, except in 
the samples from Valkiajarvi. core 4B. 
From the results of the modified Lowrie-Fuller test it was concluded 
that the samDies contained magnetite in the SD or PSD state. Any 
haematite would he masked in this test by the magnetite. The magnetite 
was a likely NRM carrier. 
4.14 Comparison of magnetic parameters 
Further data on the magnetic mineralogy of the sediments were 
obtained from investigations of relationships between various measured 
parameters. 
Magnetic susceptibility values reflect the total magnetic 
mineralogy of samples. Any magnetite present will dominate as contri-
butions to the susceptibility from haematite and any paramagnetics, 
such as clay minerals, will be much smaller. Variations in suscept-
ibility with depth in the sediments have already been discussed in 
chapter 3. Values were compared with IRM, ARM and NRM measurements 
made on sets of eight pilot samples. The IBM and ARM were grown in 
the same way as described earlier. Data for the samples are presented 
in table I•3. 
The intensity of the ARM grown in samples was sometimes less and 
sometimes greater than the NRM originally measured on the same samples. 
In the Vuokonjarvi samples, for example, the ARM values were generally 
similar to the NRM intensities, whereas in the case of the Kiteenjarvi 
samples the ARM was up to three times greater than the NRM. The 
largest difference between ARM and NRM intensities occurred in the 
lowermost Ormajarvi sediments were samples with low NRM values of 
5 11G acquired. ARMs up to twenty times as great. The IRMs in these 
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particular samples were greater or approximately equal to those measured 
on samples from shallower depths. Lower values of the NRM mdf were 
found in the lower samples of the Ormajarvi sediments although there 
was no change in the mdf of the ARM and IM-4 down the core. The lower 
xndf of the TRM may have been due to larger grains, or a higher proportion 
of these, than in samples higher up the core. This study was of use 
in that it showed that the bulk magnetic mineralogy of the Ormajarvi 
samples which had very low NRM was not greatly different from the 
magnetic mineralogy of the samples in which the NRN was higher. The 
difference in ITRM intensity must therefore have been due to some other 
cause such as perhaps slumping of sediments after deposition. 
The Pielinen samples had the lowest md.fs for the NRM, ARM and IRM 
and samples from Paajarvi had the highest values. These differences 
are probably due to the grain sizes of the magnetite present, finer 
grains being present in the Paajarvi sediments. In Paajarvi 14  there 
was little difference in the indf values for the NRM, ARM and IRM for 
samples from different parts of the core, but in Paajarvi 5, a core 
from the small bay, all three values were greater for samples from the 
central part of the core. The largest increase was in the indf of the 
ARM. Samples from the central part of Pj5  also had the highest lEN, 
ARM and NEM intensities so that these sediments contained a larger 
proportion of fine grained magnetite than those above and below, since 
the susceptibility values, indicators of concentration, were very 
similar in all parts of the core. 
Little change with depth was seen in any of the Valkiajarvi core 0 
measurements. Samples from core 14B, however, had lower mdls for the 
NRM than those of core 0 and the mdf of the ARM indicated that the ARM 
of the 14B samples was more stable than the NRM. 
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Values of NRM, ARM, IRM and susceptibility were plotted against 
one another in order to ascertain whether any specific relationships 
existed between them. For this work, sets of twenty four samples were 
chosen from sediment cores from Vuokonjarvi, Kiteenjarvi, Pielinen, 
Paaj arvi and Ormaj arvi. 
Since IRM and susceptibility both reflect the bulk magnetic 
mineralogy of the sediments they might be expected to exhibit a linear 
relationship. In the case of the Vuokonjarvi sediments the IBM values 
became progressively larger than the susceptibility measurements with 
depth as shown in figure 14.14 so that a line which would fit the first 
eight points (from the uppermost samples) would have to be steepened 
to fit the next few and so on. Since IRM increases with decreasing 
grain size this probably indicates that the proportion of fine grains 
increased with depth. This evidence conflicts to some extent with the 
NRM data which showed a decrease in the mdf at the base of the core, 
implying that coarser rather than finer grained magnetite was carrying 
the NRM in the basal clays of the core. The data point distribution 
in the ARM against susceptibility plot was similar to that of the IBM 
against susceptibility plot. The scatter in the NRM against suscept-
ibility graph was wide as should be expected assuming that their NRM 
was carried by only SD and PSD grains whose proportion of the total 
magnetic content varied down the core. Plotting ARM versus IRM values 
gave a fairly good linear relationship except for the lowermost samples 
from the clays. The ARMs in the clays were similar to the values found 
in the shallower sediments but the IBM intensities were varied. This 
emphasised the slightly different magnetic character of the lowermost 
sediments. Plots of ARM against NRM and IBM against NRM showed similar 
scattered distributions of points (figure 14.14). 
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Figure 4.6 NRM, ARM, IRM and susceptibility plotted against one another for 
sediment samples from Poojorvi 
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The results for the Kiteenjarvi sediments (figure 4.5) provided 
less evidence of linearity. As in the lowermost Vuokonjarvi sediments 
the four samples taken from the deepest sediments had higher suscept-
ibility and IRM values than the shallower samples. A fairly good 
approximation to a linear relationship was provided by the ARM 
against IRM graph. 
Results from Paajarvi were rather scattered as can be seen from 
figure 4.6. The lack of any linearity suggests that the magnetic 
content varied down the core more than, for example, in Vuokonjarvi 
sediments. The data for Ormajarvi is not shown as the scatter was 
too great. 
The lack of simple relationships between remanences and suscept-
ibility reflected the different fractions of the magnetic grains being 
affected by each type of magnetization. Although the coercivity ranges 
covered by the ARM and IRM were the same (up to 1 kOe) the ARM was not 
proportional to the IRM in all the samples of any one core. The fact 
that the mdfs differed shows that the two types of remanence do not 
affect grains in the same way, and use is made of this in the modified 
Lowrie-Fuller test (Johnson et al., 1975). 
By plotting the NRM/ARM and NRM/IRlvi ratios during demagnetization 
of the sets of eight pilot samples it was possible to compare the 
coercivity ranges of grains carrying the different remanences more 
directly. The NRM/IRM ratio in the Vuokonjarvi samples increased with 
increasing peak demagnetizing field. Examples are shown in figure 4.7. 
A similar trend of increasing values was apparent in the NM/ARM data 
although in this case the increase culminated in a peak at about 600 Oe 
in all samples except Vu2-20 and Vu2-208. The constant ratios at low 
fields indicated that all three types of remanence had proportional 
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Figure 4.7 Examples of remanence ratio variations during demagnetization 
for samples from Vuokonjarvi and Kiteenjarvi 
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contributions from the low coercivity grains. Grains of higher 
coercivities accounted for a greater proportion of the NRM than the 
ARM or IPM, producing the increase in ratios found for higher peak 
AFs. They also accounted for the higher stability of the NRM. 
Samples of the Kiteenjarvi sediments showed a less sharp increase 
in NRM/IRM as the demagnetizing field increased, with a more irregular 
variation in the NRM/ARM ratio as shown in figure 1.7. The NRM/ARM 
ratio had a peak at '600 Oe for K1-27, Kl-137 and Kl-162 as did the 
Vuokonjarvi samples. In the case of Kl-137 the peak was not sharply 
defined and a continuous increase in NRM/ARM was found for the other 
samples, thus reinforcing the concept that the NRM was held by a 
greater proportion of high coercivity grains than the ARM, even though 
the initial intensities of the two were so similar. 
Fairly constant NRM/ARM and NRM/IRM ratios at low coercivities 
were found for the Pielinen samples, examples of which are shown in 
figure 1.8. Peaks in NRM/ARM occurred at 600 Oe for the samples from 
shallower depths. In both P12-50 and P12-90 there was a steep increase 
in the NRM/IRM ratio at the higher demagnetizing fields bringing the 
value to unity at 800 Oe. 
Data for the Orniajarvi samples also showed similar characteristics. 
The behaviour of the upper and lower sediments was similar, despite 
their different NRN values. Examples are shown in figure 4.8. 
The Paajar.vi samples also showed increases in both the NRM/ARM 
and NRM/IRM ratios with increasing peak field although a decrease in 
NRM/IRM occurred at 600 Oe. Plots of the remanence ratios for some 
of the samples are shown in figure 4.9. 
Examples of the remanence ratio variations with demagnetizing 
field for Valkiajarvi samples are also shown in figure 4.9. Both 
Figure 48 Examples of remanence ratio variations during demagnetization 
for- samples from Pielinen and Orimjarvi 
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NRM/ARM and NRM/IRM increased with increasing peak field. Such 
behaviour illustrates the fact that a higher proportion of high 
coercivity grains are responsible fcr the NRM than the ARM or ThM. 
The data described in this section were useful in determining 
relative grain sizes and coercivity ranges of magnetite present in 
the sediments being studied. 
14.5 Thermal demagnetization 
Experiments described in the previous sections provided evidence 
that the sediments contained fine grained magnetite, with haematite 
present in some cases. Further investigations were carried out to 
determine what part of the magnetic mineralogy was responsible for 
the NRIvI of the sediments. 
Thermal demagnetization is often used as an aid in distinguishing 
between possible remanence carriers in rocks. In the case of uncon-
solidated sediments there is more likelihood of chemical alteration, 
such as the oxidation of magnetite to haematite, taking place during 
heating so that the method is not always suitable. Samples were dried 
in air and heated up to specific temperatures. They were cooled in 
zero field to prevent the growth of any new magnetization. Measure-
ments of the remanence were made after each heating stage. Measure-
ments of the magnetic susceptibilities were also made after each stage 
so that any change due to alteration might be detected. Thermal 
demagnetization curves were thus obtained for a number of samples. 
Only the less organic sediments could be used as these withstood 
heating without disintegrating. The presence of organic matter might 
also have caused reduction to occur during the heating process. 
A few samples were selected for a preliminary test using a small 
non-inductive furnace in which only two samples could be heated at any 
c - 
one time. After drying the samples were removed from their holders ) 
marked and heated in stages of 50 or 100°C. Only slight decreases in 
magnetic susceptibility were observed through the heating process. 
A larger batch of samples was then selected from the more clay-
rich sediments of Vuokonjarvi, Paajarvi and Pielinen and these were 
dried in air. Thermal demagnetization was carried out in a furnace 
in field-free space at the Nuffield palaeomagnetic laboratory at the 
University of Newcastle. 	In all cases a range of blocking temperatures 
from 50° to 600°c was found with the remanence becoming negligible by 
6000C, implying that magnetite or titanomagnetite was the remanence 
carrier as the Curie Point of magnetite is 575°C. 	If maghaemite 
had carried the remanence a decrease in intensity and susceptibility 
Would have been observed at 370°C when the niaghaemite inverted to 
haematite. 	Some of the demagnetization curves are shown in figures 
4. 10 and 4.l1. 
The ten ?aajarvi samples were all taken from the lower 2m of 
core 1 and all lost 50% of the initial NRM at temperatures varying 
from 350 to 550°C, with a general decrease in this value with depth. 
The nine samples from depths of between 310 and 600 cm in Pielinen 
core 1 behaved in a similar way with half the remanence being removed 
at 300°C. 	It was possible to use a large number of samples from 
Vuokonjarvi core 2 because of the clay-rich nature of the sediments 
These were taken from depths of between 220 and 600 cm and again the 
majority lost 50% of the remanence at 300-350 
0C, although for Vu2-d 
the temperature required was 550°C. As can be seen from figures 1 .10 
and 14.11 two components of magnetization were detected. 	Pure magnetite 
was responsible for the higher blocking temperature part of the NRM 
but the rest was evidently carried by magnetite of a different 
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No evidence of haematite was provided by the experimental data 
and the results were taken to indicate that magnetite with a range of 
blocking temperatures were responsible for the NRM. 
1 .6 Low temperature demagnetization 
When geological samples which carry a remanence are cooled from 
room temperature and the intensity measured during the process, it 
is sometimes possible to detect decreases in the magnetization at 
specific temperatures. At -15°C any remanence carried by haematite 
at room temperature is lost as the grains undergo a crystallographic 
change, a result of which is the reorientation of the magnetic moments 
of the lattices so that they become perfectly antiparallel and the 
canted antiferromagnetism is destroyed. The so-called Morin transition 
is suppressed in fine grained (<2.5 x 10 8 in) haematite. 
Magnetite also has a magnetic transition at -1 143°C when the 
crystals become orthorhombic instead of cubic with a resultant change 
in the orientation of the easy direction of magnetization. The 
transition occurs only in pure magnetite with the addition of a small 
amount of titanium to the structure causing a decrease in the transition 
temperature. 
Evidence for the presence of some pure magnetite as a carrier of 
remanence was found in the Finnish lake sediments, but the results 
will be discussed in chapter 5 because of their implications for 
remanence acquisition. 
14.7 Conclusions 
Magnetite appeared to be the dominant magnetic mineral in the 
Finnish lake sediments. Some evidence of haematite was found from 
the IRM data, especially in the uppermost Vuokonjarvi sediments. If 
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the NM had been carried by haernatite a higher mdf than was measured 
would have resulted. 
The indf of the NRM varied down cores and between lakes from 310-
560 Oe although the variation down any one core was usually less than 
100 Oe. Variations reflected differences in the size and composition 
of the magnetite carrying the remanence. The lowest mdf values 
occurred in the Pielinen sediments and the highest in those of 
Paajarvi. 
In view of the magnetite present, any contributions to the NRM 
from haematite or any other magnetite mineral would be minimal. It 
was concluded that SD and PSD magnetite grains carried the stable NRM 
of the lake sediments. 
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CRAPTER FlY 
Acquisition of remanence in lake sediments 
This chapter describes work carried out to determine the method 
by which lake sediments are able to acquire and retain a magnetization. 
5.1 Earlier research 
The first investigations into how sediments were able to acquire 
an NRM were concentrated on varved clays, since early palaeomagnetic 
measurements of unconsolidated sediments were made on varves. Ising 
(1942) made a magnetic study of some Swedish varved clays and suggested 
that non-spherical magnetic particles settling through water became 
aligned with the ambient geomagnetic field and became fixed in that 
position in the sediment. This type of remanence became known as 
defrital remanent magnetization (DRM). 
Samples of varved clays redeposited in the laboratory in known 
magnetic fields were found to be able to acquire a remanence with the 
correct declination but the recorded inclination was up to 200  less 
than that of the applied field (Johnson et al., 19148). This phenomenon 
was termed inclination error (King, 1955). Explanations in terms of 
gravitational effects on differently shaped magnetic particles once 
they had settled were put forward (King, 1955; Griffiths et al., 1960). 
Errors due to bedding and water current effects were also investigated 
(King, 1955; Granar, 1958; Griffiths et al., 1960; Rees, 1961; Hamilton 
and King, 19614). 
Whilst investigating the NRM of some slumped Torridonian sandstones, 
Irving (1957) found that the magnetization was carried by detrital 
magnetite, rather than by chemically developed haematite, and that its 
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direction was uniform. He therefore suggested that the magnetite grains 
had been able to change direction after deposition. Experiments were 
carried out using wet mixtures of quartz and magnetite in known fields 
to investigate such post-depositional DEN (Irving and Major, 1964). 
It was found that the magnetization in the synthetic sediment was in 
the same direction as the applied weak magnetic field and that as long 
as the sediment was dried in the magnetizing field the remanence was 
stable in AF of up to 600 Oe. Rotation of magnetic grains in the water-
filled voids of the sediment was assumed to be occurring. 
An interesting investigation was carried out by Lvlie (1971) who 
redeposited a sample of deep sea clay in a known magnetic :.'ield. 
Halfway through deposition the field direction was reversed and a band 
of calcium carbonate deposited to mark this point in the sediment 
column. On measuring the NRM of the redeposited sediment it was found 
that the remanence directions beneath the marker band showed a transition 
from normal to reversed, thus indicating that post-depositional alignment 
of magnetic particles had taken place. An example of this effect in 
nature was reported from a deep sea core (Dymond, 1969) in which the 
Brunhes-Matuyama boundary was displaced beneath its radiometrically 
determined level, although the dating of the sediment has been questioned 
(Opdyke et al., 1972 ). 
Little redeposition work has been done on lacustrine sediments 
and results have not been encouraging. L$vlie (pers. comm.) redeposited 
a sample of sediment from Windermere but found that a remanence was not 
acquired. A sample of sediment from a dry lake was redeposited by 
Liddicoat (1976) who found that the intensity of the remanence acquired 
in a field of the same strength as that of the earth was greater than 
the original NEM intensity. 
58 
In order that palaeomagnetic measurements of secular variation 
made on lake sediments can be of use as a dating technique it has to 
be assumed that the magnetization was acquired at, or close to, the 
time of deposition. In the Windermere sediments the uppermost declin-
ation maximum can be dated at 1820 AD from observatory records 
(Mackereth, 1971) so that the magnetization must have been acquired 
over a time interval of the order of decades or less. 
A number of experiments and investigations were carried out on 
the Finnish lake sediments in an attempt to find how the NRM was 
acquired. Part of this work has already been described (Stober and 
Thompson, 1977, a copy of which is provided with the thesis). 
5.2 Dehydration 
It was found that when sediment samples which had been stored in 
zero field for a few months were remeasured and then dried in air at, 
or a little above, room temperature, a loss in remanence intensity of 
up to 60% occurred. Little alteration of NRM direction took place, 
although changes in direction were found to be greater in the more 
organic sediments, such as those of Kiteenjarvi. Results for some 
samples from Vuokonjarvi, Kiteenjarvi, Ormajarvi, Pielinen and Paajarvi 
are presented in table 5.1. Investigations of sets of samples from 
Vuokonjarvi, Paajarvi and Pielinen sediments showed that the proportion 
of reinanence lost on drying decreased with depth in the cores. Further 
study of this behaviour revealed that the decrease in weight brought 
about by the loss of water was linearly related to the decrease in 
magnetization. Examples of this behaviour from different sediment 
cores are shown in figure 5.1. After samples had been extracted from 
the cores they were weighed and the NRM measured. Measurements of both 
the weight and the NRM were then repeated at intervals throughout the 
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Core Depth Intensity Declination Inclination 
cm UG 0 0 
Paajarvi L 560 before 45.3 87.2 53.6 
after 36.3 88.3 53.3 
Kiteenjarvi 1 590 before 9.45 117.8 75.4 
after 8.67 135.1 68.2 
Vuokonjarvi 2 313 before 86.9 265.8 77.9 
after 55.6 257.4 75.2 
Ormajarvi 3 200 before 1.61 232.3 66.3 
after 0.77 232.3 66.3 
290 before 4.47 220.4 75.1 
after 2.45 221.2 77.3 
Pielinen 1 155 before 70.7 10.4 69.9 
after 45.2 21.3 62.3 
295 before 74.3 37.7 76.3 
after 44.0 34.4 72.4 
TABLE 5.1: NRM measurements made on sediment 
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Figure 5.1b NRM loss on drying samples from 
Ormajarvi and Pielinen 
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drying process. No difference between the magnetic susceptibilities 
measured before and after drying was detected. 
In order to investigate the possibility that the decrease was due 
to oxidation of magnetic minerals carrying the NRM, the following 
experiments were carried out. 
Firstly, two samples from Vuokonjarvi core 2 were weighed and 
their reinanences measured before they were allowed to dry out in a 
carbon dioxide atmosphere in a furnace at 140 °C. This resulted in a 
loss of 33% of the initial NRM intensity, which was the proportion 
already found to be lost by an equivalent sample drying in air. 
Secondly, another sample taken from the same core was left in 
damp oxidising conditions (open to the air) for a few days so that 
oxidation, but not dehydration, could occur. No remanence loss was 
detected. If oxidation of magnetite carrying the NRIVI had been the 
caue of the decrease in intensity, a decrease in magnetic susceptibility 
would also have been expected but this was not observed. 
On the above evidence, the oxidation hypothesis was rejected. 
Two other possibilities remained to be investigated. Either the 
magnetization of the sediment samples was partially due to some hydrated 
mineral, in which case loss of water was causing structural alteration 
resulting in a loss of NRM, or water itself had an important effect on 
the remanence stability. 
5.3 Low temperature demagnetization 
As explained in chapter 14, low temperature investigations of the 
NRM of samples can be used to distinguish between haematite and magnetite 
as remanence carriers. From work of this type on the Finnish sediments 
it was possible to draw, some conclusions of relevance to the study of 
NEM acquisition processes. 
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A Digico low temperature spinner magnetometer was initially used. 
A sample was allowed to spin in a holder at the end of a shaft within 
a glass tube. The glass tube was placed in a Dewar flask containing 
liquid nitrogen. A copper-constantan thermocouple inserted into the 
sediment sample was connected to a digital voltmeter so that the 
temperature of the sample could be noted each time a measurement of 
the NRM was made. Measurements of one plane of the magnetization were 
made and the time between each measurement was just under one minute. 
A computer program was written to plot the temperature and magnetization 
curve for the samples measured. Noise was a greater problem with this 
instrument than with the normal spinner magnetometer and samples with 
a magnetization of less than 10 pG could not be used. 
Sets of about eight pilot samples from the sediments of each lake 
were demagnetized in this way and results for two of the samples are 
shom in figure 5.2. A sharp decrease of up to 30% of the initial 
magnetization occurred at "-10°C in all the samples investigated. A 
less well defined decrease occurred near -1113°C, the transition 
temperature for pure magnetite. 
The interesting feature of these results was that dry samples 
cooled in the same way showed no decrease in NRM intensity at -10 °C. 
If the decrease observed in wet samples had been due to the Morin 
transition in haematite, the same remanence loss would be expected in 
wet and dry samples of the same sediment, since loss of water from the 
sediment could in no way affect crystalline haematite. An alternative 
possible cause of this effect was that a hydrated mineral with a 
magnetic transition around -10°C carried part of the NPLM. This 
possibility was therefore investigated. 
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Figure 5.2 	Low temperature demagnetization of sediment 
samples from VUokonjarvi and Pielinen 
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5.4 Hydrated mineral 
A sample from Vuokonjarvi core 1 was given an IPM in 1 k0e at 
temperature below -10°C and allowed to warm up to room temperature in 
zero field. When remeasured, the ERM was found to have decreased by 
about 10% of its initial value. Another sample was demagnetized in 
900 Oe peak AF, cooled in a field of 10 Oe to a temperature below -10 °C 
and subsequently allowed to warm in zero field. When measured it was 
found that half the remanence grown below -10 °C had been lost. Cooling 
a sample in zero field and then warming in a 10 Oe field resulted in an 
increase in remanence. These results could be taken to suggest that a 
magnetic mineral, having a transition between two magnetic structures 
at 1'-100C, was present. 
The nidfs of samples that had been cooled to different temperatures 
were calculated from partial AF demagnetization results. A set of three 
samples from the Vuokonjarvi sediments were used for the comparison. 
One was demagnetized in the normal way and the other two were cooled 
to -10°C and -196 0C respectively before demagnetization. In all three 
cases the mdf was found to be 300 Oe. 
Four more experiments were undertaken to investigate more closely 
the possibility of the presence of a hydrated magnetic mineral in the 
sediments. 
One of these investigations involved drying in air two sediment 
samples (A and B) taken from a very recently collected core from Loch 
Frisa, Scotland. The two samples were demagnetized in a peak AF of 
900 Oe and both placed in a field of 10 Oe after which the IRM was 
measured. The samples were then replaced in the field and water added 
to A and carbon tetrachloride to B. Carbon tetrachloride was used 
since it has a very similar molecular structure to water but would be 
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unlikely to be taken into the structure of a hydrated mineral. After 
allowing the liquids to soak into the samples for about 15 minutes the 
samples were remeasured. The remanence grown in the wet sample was 
122% of the original IRM but the remanence grown in the sample containing 
CC1 was only 25% of its initial IRM. This result could be taken to 
imply that water was entering the structure of a mineral which subse-
quently acquired aremanence. 
Samples from both the .Vuokonjarvi and the Loch Frisa sediments 
were used in another low field investigation. Three samples were chosen 
from each of the two cores (one core from each lake) and two of each set 
were dried out in air. All six samples were demagnetized in 900 Oe A.F. 
Distilled water was dropped onto one of the dry samples of each set so 
that it was soaked up by the mud. All the samples were then placed in 
a field of 10 Oe and the remanences measured frequently. After 441 h 
the field direction was reversed. The results for the Vuokonjarvi 
samples are shown in figure 5.3. The Frisa samples gave the same 
general result. Samples to which water had been added gained the most 
reinanence and the dry samples the least over the same time interval. 
On reversing the field the magnetization direction reversed in all six 
samples. These data L,ee evidence against the presence of a magnetic 
hydrated mineral as., even if it were possible to reconstitute such a 
mineral simply by adding water to the dry sediments, the remanence 
would be acquired by the mineral as it grew through a blocking volume. 
A rapid reversal of the direction of magnetization, such as that 
described above, would not then occur. 
Any hydrated mineral capable of carrying a remanence would be 
expected to be one of the hydrated iron oxides and hydroxides and. so  
would be likely to produce haematite on drying. As already mentioned 
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Figure 5.3 Behaviour of sawles from Vuokorijarvi in different physical states 
in a field of 10 oe. Field reversed at 41 hours. 
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in section 5.2 no increase in Her  was found after drying a sample so 
that no fine grained haematite was being produced. In order to check 
this further and also to find whether any remanence could be grown 
during the drying process, samples from Vuokonjarvi core 2and from 
the Loch Frisa sediments were dried out in a magnetic field of 10 Oe. 
The field was orientated so as to induce a remanence in a different 
direction from that of the NRM. In all cases a remanence was found to 
grow whilst the samples dried out. When partially demagnetized, 
however, the renianence was found to have a mdf of only 10 Oe. Develop-
ment of haematite capable of carrying a remanence would have given 
rise to a much higher mdf value so that the remanence grown was 
concluded to be of viscous origin acquired by magnetite grains present 
in the samples. 
The behaviour of samples in different physical states was compared 
by partially demagnetizing different types of remanence carried by wet 
and dry samples. Pairs of samples from the same levels in a Vuokonjarvi 
core were used. An IRM was given to one pair and an ARM, in a peak AF 
of 990 Oe with a superimposed DC field of 0.4 Ce, induced in another 
pair. The third pair was left with the original NRM. One sample from 
each pair was dried out and then the six were demagnetized. The samples 
of each pair gave virtually the same demagnetization results, the only 
difference being in the NRM demagnetization curves (figure 5.4). The 
slight difference can be attributed to the fact that the samples were 
not identical so that slight differences in magnetic content probably 
existed. Such similarity of results between wet and dry samples would 
not be expected if up to 60% of the remanence were carried by a mineral 
which had been destroyed by drying. 
The other data difficult  to reconcile with the hydrated mineral 






Figure 5.4 Demagnetization of NRN, ARM and IRM for equivalent wet and dry  
samples from Vuokonjarvi. 
hypothesis were the magnetic susceptibility results as measurements 
made before and after drying were identical. It is possible that the 
presence of magnetite might have masked any change if the hydrated 
mineral had a much lower susceptibility. 
5.5 Impregnation 
It is possible to replace the interstitial water of sediment 
samples with polyethylene glycol (Greene-Kelly and Chapman, 1970) in 
such a way that little damage is done to the microstructure. One use 
of this wax is in making thin sections of moist soil samples for 
microscope observation. 
Sample holders were prepared by drilling a number of holes through 
them on all sides. The samples were then taken from the core and, 
after measurement of the NRM, left on a wire mesh stand in a beaker 
containing a solution of the wax in water at 60 °c. At specific 
intervals through the five day impregnation period the solution was 
replaced by one with a higher concentration of wax so that eventually 
the samples were in pure wax. The samples were removed, allowed to set 
and the NRM remeasured. As can be seen from the examples given in 
table 5.2 little alteration to the magnetization was caused by treating 
samples in this way. 
Impregnation provided clear evidence that the remanence loss 
observed when samples were dried could not be due to destruction of a 
hydrated mineral. 
An experiment was carried out to compare the behaviour of impreg-
nated samples with that of fresh samples in the presence of a weak 
magnetic field. Pairs of samples were taken from Paajarvi and Vuokonjarvi 
and one of each pair impregnated as described above. Al]. were placed 
in a solenoid producing a field of 10 Oe parallel to the Y direction 






A fresh 58.3 282.0 52.3 
wax 56.1 2814.6 507 
B fresh 59.9 2714.5 55.0 
wax 51.7 267.6 149.6 
C fresh 21.14 292.2 63.2 
wax 19.14 283.5 61.2 
D ftesh 17.6 296.5 67.6 
wax 15.8 296.9 71.2 
TABLE 5.2; Effect of wax impregnation on NR1 
of Vuokonjarvi sediment samples. 
Vuokonj arvi 
Impregnated Natural 
X Y 	Z X Y Z 
start 148.6 -15.2 	1148 6o; -31.2 138 
finish 66.5 92 143 55.3 113.3 135 
Paajarvi 
Impregnated Natural 
X y 	z x Y Z 
start -0.63 -2.9 	8.5 -1.3 7.1 16.6 
finish 0.16 3.14 7.14 -1.9 3.5 15.1 
TABLE 5.3: Changes in components of magnetization 
after placing natural and wax impregnated 
sediment samples in a field of 10 Oe 
parallel to Y direction. 
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Of the samples and the magnetization measured at known intervals. Over 
a 72 h period the fresh samples gained 377 and 68% more remanence than 
the impregnated ones for the Vuokonjarvi and Paajarvi samples respec-
tively. The acquisition curves for the Paajarvi samples are given in 
figure 5.5 and results for the two pairs in table 5.4. In all cases 
there was little change in the magnitude of the main Z component. 
Changes in the X component probably resulted from positioning errors 
of samples within the solenoid. 
These investigations conclusively ruled out the possibility that 
a hydrated mineral was responsible for part of the NPM and showed 
that water itself was important in remanence behaviour. 
5.6 Physical effect of water 
The evidence described in the preceding sections indicates that 
water has an important effect on the remanence. The data obtained can 
all be elained in terms of rotation of fine magnetite grains. 
When samples were cooled, ice crystals were able to form from the 
interstitial water. The physical equilibrium of some of the fine grains 
carrying the NPM was upset and the grains were pushed out of their 
initial orientation into random positions resulting in a loss of 
magnetization. The fact that this did not occur at 0 °C was probably 
because the interstitial water contained impurities which would depress 
the freezing point and also because ice crystal growth was not 
instantaneous. A number of measurements equally spaced in time were 
all made at -10°C during cooling of any one of the samples investigated, 
as can be seen from figure 5.2, indicating that some equilibration of 
temperature in the sediment sample was taking place. This in itself 
was cause for doubting that a magnetic transition was being observed. 
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Figure 5•5 Remanence grown in equivalent fresh and wax impregnated samples 
from Paajarvi 
be -expected -to show a decrease over only one, or perhaps two, measure-
:ments :sp-anning he transition temperature as the temperature of the 
npi.les wasseadiJLy :faIling.. After the point of sharp intensity 
•e-crease -on -the cooling curves each measurement was made at a lower 
- pratur.. 
•Dn -wai-ming -the samples the ice crystals melted but the fine grains 
remained Ranclolra2ed :SO that no 'memory' effect as has been reported for 
Jiaematite was observed. 
Lhe ob,.ove explanat;ins :probably account for the similar decrease 
ns:ity found on cooling the Windermere sediments (Creer et al., 
:192) -wb.ih was thought again to be due to the Morin transition in 
mat*te,. Thecoo-ling and low field tests described in section 5.3 
n be e:xpJained in terms of randomization of grains through either 
matipn or melting of ice crystals removing the remanence grown in 
f:i:ne grains above or below the critical temperature. 
Growth  of ice crystals causing misalignment of grains also means 
that the proportion of renianence lost at the magnetite transition 
(*430c) may have been less than the proportion actually carried by 
pure magnetite. Some of the pure magnetite grains will have been 
soriented at the higher temperature. 	 - 
jising a similar model, the drying of sediment samples again upset 
the physical equilibrium. As water was lost from the sediment the 
sujting distortions in the microstructure caused misalignment of the 
mall grains carrying the NRM. Cooling either dry or wet samples would 
-thus not give the correct proportion of remanence carried by pure 
Magnetite. The only method of measuring the true proportion of remanence 
carried by magnetite would be to use wax impregnated samples in which 
the grains carrying the remanence had been permanently fixed in place. 
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Unless all the haematite grains had been randomized during drying it 
can be concluded that no coarse grained haematite was carrying the 
NRM in any of the samples investigated as no Morin transition was 
detected during cooling of dry samples. 
It was also found that when samples which had been cooled were 
dried there was a further loss of remanence. The drying process was 
thus more effective in misaligning particles than was the growth of 
ice crystals. 
In the experiments described in sections 5.4 and 5.5 in which 
fresh, wetted dry and impregnated samples were subjected to low 
magnetic fields, more remanence was acquired by samples containing 
some water. Grains were able to rotate in the wet sediment producing 
a larger remanence than was possible in the dry and impregnated samples 
where viscous magnetization was the only process operating. The 
renence grown in the wet samples could perhaps be termed physical 
rotation remanent magnetization (PRRM). 
These points throw some light on the way in which the sediments 
in the lakes acquired their NRM. It is thought that rotation of grains 
of magnetite in the uppermost sediment of the lake where the water 
content is high produces the observed NRM. As the water content 
decreases slightly with depth the pore spaces will become smaller and 
some of the grains probably lose their orientation in a similar way to 
the misalignment caused by laboratory drying. Other grains will 
equilibrate with their surroundings and become fixed in place giving 
rise to a stable remanence. The water content in the more organic 
sediments does not vary very much with depth so that water loss must 
have only a limited effect in fixing the magnetic grains in place. 
Some of the fine grains may be able to rotate with the ambient magnetic 
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field for long periods of time if the sediment is very wet, producing 
smoothing of the geomagnetic record. This could account for the small 
amplitude variations measured on the Kiteenjarvi sediments for example. 
The loss of remanence on drying would explain why Liddicoat (197 6 ) 
found a lower reinanence in the dry lake deposits he investigated than 
in the redeposited sediment samples. 
Further discussion of the processes by which the I'TflM could be 
stabilized in the Finnish lake sediments will take place in section 
5.9. 
5.7 Cooling NRM, ARM and IRM 
The NRM lost at -10°C gives some indication of how well the grains 
carrying the remanence are bound into the sediment. An investigation 
was carried out to determine how the ARM and IPM behaved on cooling. 
The Digico low temperature apparatus used for earlier cooling 
experiments had certain drawbacks. Firstly the magnetization could 
only be measured in one plane, secondly the noise level was such that 
reliable results could only be obtained using samples with a magnetic 
intensity of 10 pG or more and thirdly it was very time consuming to 
perform runs on a number of samples. It was found that only three 
magnetic measurements were necessary to characterise the behaviour of 
the renianence in a sample during cooling. These measurements were 
made at room temperature, at a temperature between -10 °C and -1 143°C 
and at a temperature below -1143°C. It was thus possible to overcome 
the instrumental difficulties referred to above by using a commercial 
deep freeze set at a temperature of -140°C to obtain the intermediate 
measurements and liquid nitrogen for the other low temperature measure-
ment. A triple mu-metal shield was used to provide a near-zero field 
(".'20y) area inside the freezer. It had been found that no change in 
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permeability of the mu-metal resulted from placing the shield in 
]1e freezer. A dewar of liquid nitrogen inside a triple mu-metal 
shield, which was itself placed in Helmholtz coils, was used to cool 
the samples through the magnetite transition. In this way data could 
rapidly be obtained for a number of samples at one time. Samples were 
left in the freezer for at least three hours, or overnight, to reach 
the correct temperature. They were left in the liquid nitrogen for 
at least one hour as this was the length of time taken to reach -1 10 60C 
during the experiments using the Digico equipment. 
Sets of 24 samples were selected at approximately equally spaced 
intervals along the lengths of cores from Paajarvi, Orinajarvi, 
Vuokonjarvi andKiteenjarvi. The NRM was measured before the samples 
were placed in the freezer, again after a few hours at -140°C and then 
finally after the samples had been cooled to -196 °C. The same procedure 
was repeated after the samples had been given an ARM in a peak AF of 
990 Oe and a DC field of 0.4 Oe. After demagnetization in a peak AF 
of 990 Oe the samples were given an IRM in a field of 1 k0e and cooled 
in stages. The results of these measurements are given in tables 5.14-
5.7. From the Kiteenjarvi data it can be seen that a greater proportion 
of the NRM (30%) was lost at -10 0C than was the case with the ARM or 
IRM. This is interpreted as being due to the fact that the NRM was 
carried primarily by fine grains of magnetite and titanomagnetite which 
are most affected by the ice crystal growth. The lower proportion of 
remanence lost at the -1143°C transition in the NRM when compared with 
the IRM suggested that most of the pure magnetite carrying the NRM was 
present as fine grains whose alignment was disturbed at -10 °C. The 
IRM, affecting both small SD and PSD as well as larger MD grains, had 
a greater contribution from 14D grains than the NRM, resulting in a 
PAAJARVI 
%ARM %IRM 
No. Depth NRM U L B ARM U L R IBM U L R 
cm pG pG pG 
1 34 19 39 61 29 100 760 5 95 
2 58 35 144 3 53 142 6 94 i080 14 96 
3 82 30 147 3 50 146 6 94 1020 2 98 
14 106 30 48 14 148 38 6 914 850 2 98. 
5 130 30 53 247 144 9 91 915 14 96 
6 154 314 36 8 56 50 14 96 1060 2 98 
7 178 29 141 6 53 145 8 92 900 3 97 
8 202 35 242 14 54 149 7 95 10140 5 95 
9 226 29 243 2 55 148 14 96 915 6 914 
10 250 30 145 2 53 51 7 93 965 7 93 
11 2714 15 39 9 52 23 9 91 1480 5 95 
12 297 50 39 14 59 146 8 92 10145 6 914 
13 322 35 35 6 59 40 5 95 810 2 98 
114 3248 37 33 5 62 140 5 95 800 2 98 
15 370 28 35 6 59 36 9 91 680 3 97 
16 3914 27 35 65 35 10 90 660 3 97 
17 418 145 1414 2 514 51 14 3 93 1115 7 .2 91 
18 442 143 140 3 57 42 100 950 2 98 
19 466 33 324 66 143 14 96 1020 5 95 
20 490 32 39 3 58 50 3 97 1055 . 14 3 93 
21 5114 31 140 60 143 14 3 93 965 7 11 82 
22 538 36 33 7 60 40 14 96 1020 5 124 81 
23 562 55 33 7 60 50 6 5 89 1400 7 20 73 
214 586 58 37 10 53 50 10 5 85 1473 9 20 71 
TABLE 5.4: NRM, ARM and IBM total intensity and percentage of remanences lost at 
upper transition (U), lower transition (L) and remaining (B) after 
cooling in zero field to liquid nitrogen temperature for Paajarvi samples. 
ORMAJARVI 
No. 	Depth 	NRM 	U 	L 	B 	ARM 	U 	L 	R 	IRM 	U 	L 	B 
cm jiG pG pG 
1 66 3.35 7 (23) 70 114 27 73 254 8 3 89 
2 83 2.56 33 67 15 37 63 300, 11 89 
3 1o6 6.54 148 52 6 36 64 125 18 14 78 
14 129 32 147 2 51 140 39 5 61 850 . 10 90 
5 152 29 142 3 55 145 38 3 62 910 6 84 
6 175 38 141 6 53 37 37 5 63 6145 5 95 
7 198 26 38 9 53 25 32 14 68 1480 5 95 
8 220 24 39 6 55 141 35 65 755 5 95 
9 2)4)4 17 37 63 37 33 67 685 5 95 
10 267 10 35 65 30 36 614 550 12 88 
II 285 13 39 61 23 27 73 395 14 96 
12 308 27 36 .614 62 30 70 1290 7 93 
13 336 24 39 61 39 29 71 755 6 7 87 
114 359 29 142 3 55 146 28 72 910 14 96 
15 382 37 141 1 58 89 29 71 1580 5 95 
16 1405 9 12 (24) 614 61 39 61 1010 5 3 92 
17 1428. 7 28 21 71 148 22 78 830 14 96 
18 1451 3.85 17 83 70 22 78 1170 5 5 90 
19 1474 14.9 33 8 58 68 21 79 1185 2 3 95 
20 1495 3.1 31 69 82 21 79 1146o 14 3 93 
21 520 14.6 146 514 140 21 79 700 14 14 92 
22 5143 2.32 34 66 144 17 83 7140 14 5 91 
23 569 2.67 13 (34) 53 143 19 81 695 5 7 88 
214 590 3.02 39 10 51 33 20 80 5140 7 3 90 
TABLE 5.5: NRM, ARM and IBM total intensity and percentage of remanence lost at 
upper transition (U), lower transition (L) and remaining (B) after 




No. Depth NRM U L R ARM U L R IRM U LB 
cm pG pG pG 
1 10 7 34 12 514 19 11 11 78 420 12 7 81 
2 37 2 28 17 55 7 13 18 69 140 17 10 73 
3 51 14 37 9 54 8 23 1 76 190 114 17 69 
14 85 8 37 9 514 9 9 16 75 230 12 14 74 
5 io6 12 36 13 51 13 35 65 320 13 14 73 
6 1141 15 29 11 60 23 8 8 814 1040 7 23 70 
7 157 26 33 12 55 30 10 10 80 11140 11 22 67 
8 191 20 314 8 58 28 10 7 83 13140 9 22 69 
9 210 148 32 9 59 57 10 12 78 21460 8 214 68 
10 229 89 34 7 59 61 8 9 83 2570 8 23 59 
11 2148 76 142 18 140 76 10 10 80 2590 12 21 67 
12 277 75 30 13 57 71 7 12 81 3060 8 28 614 
3.3 311 115 30 14 56 86 10 114 76 3870 12 29 59 
14 329 137 32 30 148 86 12 10 78 14090 10 26 614 
15 3147 93 314 15 51 85 9 13 78 14010 9 28 63 
16 373 126 36 21 143 122 12 17 71 5810 10 26 614 
17 391 88 35 16 149 121 12 10 78 5890 8 28 614 
18 1421 101 34 114 52 150 13 8 79 7010 8 29 63 
19 14145 2141 26 15 59 21414 18 11 71 11020 12 31 57 
20 1473 208 25 26 149 239 11 9 80 12330 9 32 59 
21 1493 278 26 21 53 268 15 13 72 114360 10 32 58 
22 509 311 22 26 52 253 16 11 73 15830 11 33 56 
23 531 1407 20 18 62 285 12 10 78 19370 10 314 56 
214 558 286 23 16 61 266 3 8 89 171450 14 30 66 
TABLE 5.6: NPLM, ARM and IBM total intensity and percentage of re:naziences lost at 
upper transition (U), lower transition (L) and remaining (R) after 
cooling in zero field to liquid nitrogen temperature for Vuokonjarvi 
samples. 
KITEENJA.RVI 
%NRM 	 %ARM 	 %IRM 
No. 	Depth 	NRM 	U 	L 	R 	ARM 	U 	L H 	IBM 	U 	L 	B 
cm pG pG pG 
1 23.5 5.214 23 3 714 32 100 780 6 7 87 
2 145.6 3.7 11 10 79 41 100 1050 I 5 8 87 
3 78.5 7 .8 30 10 60 142 100 957 9 8 83 
14 101 5.3 22 2 76 26 100 650 9 11 80 
5 121 3.3 21 79 12 100 300 7 214 69 
6 1145 10.0 141 59 29 3 97 573 9 20 71 
7 170 11.5 1414 56 30 100 5414 8 11 81 
8 1814 10.14 33 3 614 33 100 663 7 8 85 
9 219 13.2 143 57 1414 100 789 5 15 81 
10 2143 12.6 39 3 58 37 100 750 6 15 78 
11 268 16.8 142 2 56 58 100 1090 6 114 80 
12 292 15.3 37 2 61 50 100 io14o 9 13 79 
13 317 20.3 142 58 69 2. 98 1330 14 11 85 
114 3143 18.3 141 14 55 614 6 94 12 140 5 19 76 
15 366 11.6 27 114 59 1414 7 93 970 8 15 77 
16 390 25.14 142 14 54 79 6 914 1614o 5 13 82 
17 415 17.2 37 14 59 67 5 2 93 1270 3 15 82 
18 454 16.7 32 5 63 145 14 5 91 1030 5 22 73 
19 1489 15.9 36 11 53 146 8 It 88 890 7 18 75 
20 502 18.14 38 8 54 146 2 6 92 980 5 18 77 
21 526 29.9 28 8 614 97 5 95 2370 2 19 79 
22 5145 20.7 27 6 67 72 10 90 2375 2 22 76 
23 559 21.3 24 6 70 614 2 10 88 3200 1 21 78 
214 577 17.3 21 8 70 76 3 8 89 2170 15 85 
TABLE 5.7: NRM, ARM and IRM total intensity and percentage of rema.nences lost at 	
'S 
upper transition (U), lower transition (L) and remaining () after 
cooling to liquid nitrogen temperature for Kiteenjarvi samples. 
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higher proportion of reinanence being left after cooling. This was also 
true of the ARM. 
Results from the Vuokonjarvi sediment samples were similar in that 
more of the NRM was lost at -10°C than of the other two types of remanence, 
and more ARM and IRM remained after cooling to -1960C, with the proportion 
being greatest in the case of the ARM. The NRM results were similar 
for the Vuokonjarvi and Kiteenjarvi cores but both the ARM and the IRM 
of the Vuokonjarvi sediments had a greater contribution from the fine 
grains, which could be randomized, and from pure magnetite. 
For both the Paajarvi and Ormajarvi core samples it was found that 
a higher percentage of the NRM than of the ARM or IRM was lost at -10°C, 
although the proportion of the ARM lost at this temperature by the 
Ormajarvi samples was larger than for the other cores studied, being 
about 30%. 
The proportion of the NRM lost at-10 0 C was approximately 30% for 
the majority of sediment samples from all the lakes, although lower 
values were found at the base of the Vuokonjarvi core and for some of 
the Ormajarvi samples. The basal sediments of the Vuokonjarvi core 
contained less water than other samples so that, rather than indicating 
a larger grain size for the magnetite carrying the NRM in these sediments 
the results may just be a consequence of less ice having developed. 
The measurements described above provide further insight into the 
types of grains responsible for each of the reinanences. Fine SD or PSD 
grains were responsible for a large proportion of the NRM and these 
were randomized by the growth of ice crystals. The ARM and IRM had 
contributions from larger grains which were unaffected by ice growth. 
No contribution appeared to have come from haematite. 
5.8 Viscous remanence and physical rotation remanence 
A number of experiments were carried out designed to examine 
viscous effects in the lake sediments and to separate these from the 
PRRM grown at the same time. 
When magnetic materials are placed in a magnetic field they develop 
a magnetization, J, which depends logarithmically on the time, ta  it 
has taken to grow. The stability of the viscous remanence acquired 
also depends on t 	Viscous magnetization (VRM) has been discussed in 
detail by various authors (Néel, 1919; Nagata, 1961; Dunlop, 1973). 
Remanences have been grown in samples of 14D and SD materials in fields 
of up to 50 Oe and over times of up to 2 years. From the experimental 
data it seems that 
jr IRM+S log   a	a 
where IRM is the initial instantaneous ThM grown and S a  is the viscosity 
coefficient, is the fundamental law. A dependence of Jr 2 on log t  
has also been reported but the experiments for which this relation has 
been found have usually been of short duration, whereas in longer 
experiments J r 
 has been found to be proportional to log t   (Dunlop, 1973). 
S, the viscosity coefficient, has been found to depend on the applied 
field for fieads of up to several Oe (Shimizu, 1960). 
Once the applied field has been removed the decrease in VBM is 
again logarithmically related to the decay time, td 
S log td• 
S  the decay coefficient, has usually been found to be numerically 
equivalent to S   (Dunlop, 1973). An increase in S with decreasing 
grain size has been reported (Mullins and Tite, 1973) so that SD grains 
have a harder ITRM than MD particles. 
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In low fields the stability of VRM does not depend very strongly 
on the strength of the applied field. In an experiment carried cut by 
Kent (1971) on samples-of deep sea sediment the VRM stability was cften 
inversely proportional to S • The large VRM acquired by some samples 
was more easily removed by AF demagnetization than the smaller MM 
acquired by other samples over the same time span. VRM also depends 
on temperature since it is thermal fluctuations which provide the energy 
with which potential barriers in grains can be overcome. 
In the case of lake sediments subjected to low fields, the magnet-
ization grown will consist of an IRM and a VRM which will be the same 
whatever the physical state of the sample. If the sample has water 
present, an additional PBRM will be acquired. 
An experiment was designed to compare the VRM and PRRM contributions 
to the remanence grown in a low magnetic field. Samples were selected 
from the sediments of Kiteenjarvi and Vuokonjarvi. These two lakes 
were chosen because of the different character of their sediments. 
Pairs of samples were taken from each of six levels in each of the 
cores, making 214 samples in all. One of each pair was dried out in air, 
whilst the other was kept fresh. All the samples were demagnetized at 
950 Oe before being placed in a pair of coils generating a field of 
5 Oe. The remanence of each of the samples was measured at known time 
intervals over a period of about 100 h. After each measurement, which 
took about two minutes, the samples were replaced in the same orientation 
in the coils. In all the samples the remanence grown was proportional 
to log ta• A computer program was written to plot the results and, 
using a library subroutine, to fit a straight line through the points. 
The experiment was repeated in fields of 2 and 1 Oe, demagnetizing the 
samples between each stage. Some results are shown in figure 5.6. 
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Figure 56 Examples of remanence grown in fields of 5,2 and lOe 
infresh( F) and dry (0) samples from4iokonjarvi and 
Kite enjarvi 
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Sample 	Depth cm 	NRM 	5 Oe 	2 Oe 	1 Oe 
Dry Kiteenjarvi samples 
DK1 30 20 
2 160 16 
3 260 25 
14 360 27 
5 470  37 
6 566 140 
Natural Kiteenjarvi samples 
FD FD FD 
3.85 1.69 0.39 
2.30 0.85 0.214 
3.90 1.55 0.314 
6.51 2.71 0.69 
14.01 1.08 0.143 
6.59 2.146 1.148 
FN FN FN 
FK1 30 20 4.09 1.94 1.22 
2 160 16 2.140 1.03 0.61 
3 260 25 14.65 2.36 1.27 
14 360 27 5.36 3.02 1.12 
5 1470 37 4.Ol 2.21 1.51 
6 569 ItO 6.16 3.16 2.39 
Dry Vuokonjarvi samples FD FD FD 
DU 149 8 1.78 0.37 0.35 
2 186 36 3.33 1.05 0.56 
3 263. 120 5.68 2.27 1.38 
14 360 136 8.11 3.014 2.214 
5 1422 3140 33.8 114.5 8.69 
6 565 14140 214.9 11.2 6.12 
Natural Vuokonjarvi samples FN FN FN 
FV1 149 8 1.87 1.16 0.83 
2 189 36 2.93 1.17 0.70 
3 266 120 6.02 2.20 1.147 
14 360 136 8.114 2.90 1.53 
5 14214 3140 38.2 18.14 10.5 
6 568 14140 27.9 114.14 7.36 
- FN/FD 	 - - 	FN/FD 
Vuokonjarvi 	5 Oe 2 Oe 1 Oe 	Kiteenjarvi 5 Oe 2 Oe 1 Oe 
1 1.014' 3.15 2.142 1 i.o6 1.15 3.11 
2 0.88 1.11 1.23 2 i.014 1.20 2.50 
3 i.06 0.97 1.06 3 1.19 1.52 3.71 
It 1.01 0.95 0.68 14 1.22 1.11 2.149 
5 1.13 1.27 1.21 5 1.00 2.05 3.51 
6 1.11 1.29 1.20 6 i.o6 1.29 J..62 
TABLE 5.8: Values of F for Vuokonjarvi and Kiteenjarvi 
dry and natural samples with ratios FN/FD 
for pairs of samples. 
FOR 
For interpretation of results a factor, F, was calculated from 
the straight line through each set of points, where 
F = lOOh - lh' 
J being the remanence grown over the specified length of time. Values 
of FN,  the factor for natural samples, and FD,  the factor for dry 
samples, are given in table 5.8, along with the ratio FN/FD  and the 
sample depths. 	- 
The remanences grown in a field of 5 Oe were very similar for the 
pairs of wet and dry samples from both lakes so that the remanence 
grown in the natural samples was mainly a true VEIN. For the Kiteenjarvi 
samples, the ratio FN/FD  increased with decreasing field strength. 
This was also the case for the second pair of Vuokonjarvi samples. 
The values for the other Vuokorijarvi samples showed no well defined 
trend, with the remanences grown in the same field being similar for 
the samples of any one pair. An exception was the uppermost pair of 
samples where the FN/FD  ratios at 2 Oe and 1 Oe were large. 
The parts of the experiment involving natural samples from the 
Kiteenjarvi sediments in fields of 2 and 1 Ce were repeated using 
different samples for each field but taken from approximately the same 
depths in the cores in each case. The purpose of the repetition was 
to eliminate the possible preferential alignment of magnetic particles 
due to a higher field in the natural samples, as it was thought that 
such alignment might have caused the increase in FN/FD  at the lower 
fields. Results are tabulated in table 5.9. 
The new results for the Kiteenjarvi samples differed only slightly 
from the original results and an increase in FN/FD  with decreasing 
field strength was again apparent. The host probable reason for the 
increase was that at the lower fields it was harder for the potential 
Kiteenjarvi Repeat 
Original 
Sample 	(5 Oe) 	2 Oe 	1 Oe 
FK1 14.09 2.06 1.15. 
2 2.140 1.11 5.81 
3 14.65 1.91 0.59 
14 5.36 2.61 1.81 
5 14.Oi 2.21 1.33 




1 	 1.06 1.22 2.96 
2 1.014 1.30 2.112 
3 	 1.19 1.23 1.75 
14 1.22 1.0 14 2.62 
5 	 1.00 2.05 3.1 
6 1.06 1.07 
TABLE 5.9: Values of IFN for Kiteenjarvi 
sediment samples in repeated 
experiment with ratio FN/FD. 
01 
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energy barriers within the grains to be overcome producing a VIM, but 
still relatively easy for grains to rotate in the wet sediment. These 
results imply that magnetic grains were less well bound into the 
Kiteenjarvi sediments than the Vuokonjarvi sediments. The actual 
values of the remariences grown always decreased with decreasing field 
strength as expected. 
A linear relation between VRN and the applied field was found in 
the Vuokonjarvi samples but this was not clear in the Kiteenjarvi 
samples. This may have been due to inaccuracies in measuring the 
lower intensities involved. Figure 5.7 shows the Vuokonjarvi results. 
The values of FN  were also compared with the NRiM intensity of the 
samples. It was found that for the first four samples of the Vuokonjarvi 
set there was an approximately linear relationship as can be seen from 
figure 5.8, but the two samples from nearest the bottom of the core 
deviated from this trend. This was probably because of the different 
composition of the basal Vuokonjarvi sediments where more fine grains 
capable of rotation may have been present. The PRRM in these samples 
was greater than expected from the FN  to NRM relation of the upper 
sediments. No linear relation between FN  and NRN was observed in the 
Kiteenjarvi sediments. 
The PRRM grown in samples from both lakes was thus always larger 
than the VRM and, like VRM, was proportional to log t. In the lowest 
field used (1 Oe) the FN/FD  ratios were greater than those for the 
Vuokonjarvi sediments implying that magnetite grains in the Kiteenjarvi 
sediments were less well bound into the sediment. Swings in the 
declination record from the Kiteenjarvi sediments are less well defined 
than in the Vuokonjarvi sediments. From the above results it can be 
postulated that magnetic grains in the Kiteenjarvi sediments have been 
able to rotate for a longer period of time causing greater smoothing 
6 2 	4 	6 	0 	2 	4 	6 	0 	2 
Figure 5.7 Relationship between applied field, H and VRM 
grown in Vuokonjarvi sediment samples 
in 
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Figure 5.8 Relationship between NRM and FN  for Vuokonjarvi 
samples. 
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of the geomagnetic changes recorded by the sediment. 
5.9 Stabilizing the NRM 
The fact that the NRM in the lake sediments had a high mdf implies 
that the process by which the small magnetite grains which carry the 
NRN were fixed in place was efficient so that, even though they are in 
wet sediment, the behaviour of the grains is comparable to that of 
grains carrying the magnetization in a rock. When a PRBM was grown 
in samples in a field of 10 Oe as described in section 5.6, and subse-
quently demagnetized it was found to have only a low mdf. This was 
because no process had occurred to fix the remanence carriers in place. 
The PRRM grown in natural samples had, however, little effect on the 
main (vertical) component of the NRM and must therefore have been 
carried by other magnetic grains. The fact that the grains carrying 
the PRRM could rotate implies that they were not firmly bound into the 
sediment and were perhaps smaller than those carrying the NRM. If size 
were the main criterion for the occurrence of grain rotation in a field 
or during drying, it might be expected that drying would preferentially 
destroy the alignment of the smallest NRM-carrying grains, resulting 
in a lower mdf being found for the NRM of dry sediment samples. As 
already demonstrated, this is not the case. Shape is probably an 
important factor in determining under what conditions rotation is 
possible. 
Samples taken from the uppermost sediment of cores from Paajarvi, 
Ormajarvi, Vuokonjarvi, Pielinen and Kiteenjarvi were dried after which 
they were mixed up with water. They were then left in damp surroundings 
in a field of 2 Oe for a few days. A field of 2 Oe was chosen as it 
was fairly close to that of the earth but allowed more easily measurable 
results to be obtained. The samples were allowed to dry in the same 
field. Demagnetization in kFs of samples before they were dry resulted 
in mdfs of only about 10 Oe but when dry the values were between 50 and 
200 Oe. These results were still lower than the values of 3-1400 Oe 
found for the NRM of natural samples. 
When mixing water into dry sediments it was never possible to 
attain water contents as high as those found in the natural lake sedi-
ments, without the water obviously being in excess. The maximum water 
content achieved was about 30% whereas in natural samples this figure 
could be as high as 80% without the sediments losing their cohesiveness. 
Within the natural samples water was probably held in the form of 
gels as well as interstitially. The gels, which presumably develop 
near the sediment/water interface, could contribute to the fixing in 
place of magnetic grains after they had become aligned in the ambient 
field. 
When artificially mixed wet sediment samples were dried, as in the 
above experiment, there was probably more disturbance to the micro-
structure of the sediment than would be the case with natural samples. 
Any small, high coercivity grains in the artificial samples would then 
be easily moved, leaving only the larger ones in place to give rise to 
the low mdf values observed. 
In order to investigate the presence of such gels, paired samples 
were taken from the uppermost sediment of the five lakes under investi-
gation. One sample from each pair was dried in air and then mixed with 
water. All the samples were placed in a field of 2 Oe. The growth of 
remanence in all the samples was measured over a 100 h period. The 
natural samples were placed in the field in such a way that any 
remanence grown would be in the X-direction, rather than the Z-direction 
along which the main (vertical) component of the NRM was oriented. 
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Remanence was plotted against log t   and results are shown in 
figure 5.9. The remanence grown in the natural Ormajarvi sample was 
too small to be reliably measured and so results from the Ormajarvi 
sample pair have been discounted. 
Despite their lower water content, the artificial samples gained 
much more remanence than their natural counterparts over the same 
length of time. This confirmed that grains carrying the NRM in the 
natural samples had been effectively fixed in place and were unable to 
rotate easily as could the grains carrying the remanence in the 
artificial samples. An interesting point arising from these results 
was that when F values were compared for each pair of samples, the 
ratio of F for the artificial sample to F for the natural sample was 
much larger for the Pielinen and Vuokonjarvi sediments (8.1 and 12.5 
respectively) than for the Kiteenjarvi and Paajarvi sediments (where 
the -values were 3.O and 2.9). Magnetic grains are thus thought to 
have been more firmly fixed into the sediments of the former two lakes 
which tended to be less organic than the Kiteenjarvi and Paajarvi 
sediments. The water contents of the Vuokonjarvi and Pielinen sediments 
were lower than in sediments from other lakes. 
5.10 Conclusions 
The work described in the previous sections illustrates the 
importance of grain rotation in the acquisition of a stable NRM by 
lake sediments. Some of the magnetic grains may have acquired a 
depositional DRM whilst settling through the water but unless they 
were large it is most unlikely that this orientation would be preserved 
when the particles met the wet organic sediment on the lake floor. 
Although some evidence can be put forward which seems to indicate 
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sediments this can he refuted, chiefly because wax impregnation of 
samples results in little change to the measured NRM intensity. 
Drying and cooling sediments in which magnetite grains were carry-
ing a remanence caused strains to 1e set up which randomized the grains 
and resulted in a decrease in remanence. In the case of cooling wet 
sediment samples through -10 °C an intensity decrease superficially 
similar to the Morin transition in haematite was produced. 
Factors determining whether grains can rotate in an applied field 
after NRM acquisition are size, shape, water content, magnetic field 
strength and the efficiency of the process which fixed the NRM-carrying 
grains in place. In the experiments carried out on the Finnish sediments, 
growth of remanence in samples containing water was greater than the 
VRM acquired by equivalent dry samples. It was found that the PRHM 
affected grains other than those carrying the NRM implying that some 
fine grains were still able to rotate in an applied field. The fact 
that a remanence could be grown in a field of 1 Oe perhaps helps to 
explain why some sediments such as those of Kiteenjarvi provide small 
amplitude records of the geomagnetic field direction changes. Some 
grains in the sediment could continue to rotate for long periods before 
becoming stabilized, thus smoothing the geomagnetic fluctuations. 
It can be inferred from the fact that stable remanences existed 
in the sediments at depths of a few cm that the NRM is mainly acquired 
over a period of a few tens of years. Low intensities were observed 
in sediment from near the mud-water interface in many of the lake 
sediment cores studied. 
There is no reason to suppose that any inclination error would 
arise from a post-depositional remanence mechanism because although 
not all the grains will have been perfectly aligned in the ambient 
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geomagnetic field their net declination and inclination will correctly 
record those of the field. Average inclinations in the cores were 
approximately the same as the values expected from an axially geocentric 
dipole model of the geomagnetic field and deviations from this are 
accounted for by non-vertical coring. 
The low mdfs found for the NPJ4 of the basal Vuokonjarvi clays, 
which seem to indicate coarse grained magnetite and thus to conflict 
with the IBM evidence which indicates finer grains of magnetite in the 
clay, can perhaps be explained by the mode of NMI acquisition. The 
basal sediments have no organic content and this may mean that gels 
were not formed. Consequently fine grains which had become orientated 
in the earth's field were perhaps randomized. during compaction of the 
clays leaving only the larger grains aligned. 
The stability of the NRM carried by the sediments was greater 
than any other type of remanence grown in the sediments, emphasising 
the effectiveness of the acquisition process. 
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CHAPTER SIX 
ource of magnetic minerals 
6.-1 ]:iatroduction 
Onüëther p:rbbiem of -interest arising from the palaeomagnetic 
sfork on Finnish :lake  sediments was that of the origin of the magnetic 
:Mckeeth (-1966) studied the chemistry of lake sediments and 
%ügestéd that the b-rgnic content was derived from soils of the drainage 
areas, with -little àddit-ion from the biomass of the lake. He also 
atigeste'd (-1971) tht the magnetite carrying the remanence of the 
Windermere sediments was bacterially precipitated. The strong NEM of 
the -late glacial c-lays of the Finnish lakes makes it unlikely that this 
cess -has been -ipdrtant in these sediments as bacterial activity 
would-have been at a minimum during their deposition. The NRM of the 
Windermere sediments was, however, lower in the clay than in the gyttja 
(Creer et -al.-, .1972). 
In :iny -localities -it has been found that the magnetic susceptibility 
6f -topsoil -is greater than that of the subsoil or parent material from 
wh-ich -it-has developed (e.g. Le Borgne, 1955). The high susceptibility 
f-a1ües ãppear to be :agsoeiated with the clay size fraction and the 
:rniiérals :r&sponsible -have been reported as magnetites and maghaemites 
.g. -Taylor -and Schwertmann, :19714). As pointed out by Mullins ( 1977) 
-the two -are very difficult to distinguish so that positive identification 
is:not -usually possible. 
-Burning has been found to be one cause of susceptibility enhancement 
(Le Borgne, 1955). When organic material in the topsoil is burnt reducing 
gases are produced which can reduce iron oxides and hydroxides in the 
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soil to magnetite. Subsequent oxidation to maghaemite may take place. 
Low temperature oxidation of magnetite derived from the parent rock 
could also produce maghaemite, but as magnetite is one of the soil 
minerals most resistant to weathering both these mechanisms of mag-
haeinite production would seem to be limited. 
Dehydration of lepidocrocite is another possible method of 
maghaemite production which has been suggested (Mullins, 1917) but 
this also requires an increase in temperature. 
Taylor and Schwertmann (1974) have synthesised maghaemite by 
bubbling air through a previously anaerobic solution of ferrous and 
ferric ions which might be analagous to the situation in some soils. 
These observations could be important if topsoil provides a 
significant proportion of the detritus carried into the lakes. Oldfield 
et al. (1918) have studied the source of trapped suspended sediment in 
Jackmoor Brook, Devon using magnetic measurements. Arable soils in 
which secondary ferrimagnetic minerals had developed were found to be 
the main source of sediment. 
A study of the magnetic properties of samples taken from soil and 
drift profiles, stream sediments and bedrock from lake catchment areas 
is described in this chapter. Comparisons of magnetic properties 
between the above samples and the lake sediments themselves were made. 
The purpose of the investigation was to determine the source of the 
magnetic minerals in the lake sediments. Chemical analyses were also 
carried out on some of the lake sediments and PRRM experiments conducted 
using stream sediments, soil and drift samples. 
6.2 Sampling and magnetic measurements 
Five of the lakes were visited in the summer of 1977 and material 
from different sources in the catchment areas collected. Sediment 
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samples were taken from the streams, soil and drift profiles were dug 
and sampled, and hand specimens of the bedrock collected as described 
below. 
Stream sediment samples were usually taken from as near to the 
centre of the channels as practicable, although in some cases the water 
depth caused problems. Samples were also collected from near to the 
banks of some of the larger streams. 
Depths of profiles dug in both cultivated and forested areas varied 
up to a maximum of about 80 cm, depending on the conditions, and samples 
were taken at 5-10 cm intervals. 
All the stream sediment, soil and drift samples were put into 
plastic bags, labelled and sealed. In the laboratory the samples were 
sieved using a sieve with a 2 mm mesh spacing so as to remove the 
coarser pebbles and organic debris. Quantities of finer organic matter 
were then floated off in water before the samples were dried. All or 
part of each sample was then put into a plastic cylinder of volume 
10 cm  and known weight and the cylinder reweighed before being well 
packed with clean, non-magnetic foam rubber. 
The magnetic susceptibility, x of each sample was measured and 
samples were subjected to magnetic fields of up to 10 k0e to find J rs 
and H . J is defined as the remanence grown in 10 k0e. All values cr 	rs 
were recalculated in terms of dry weight. 
Since magnetite saturates at 1 or 2 k0e and fine grained haematite 
does not, the parameter S was calculated, where 
- back IBM at 1 k0e after "saturation" at 10 k0e 
J rs 
As the saturation magnetization of haematite is - %0.2 emu/g and of 
magnetite 90 emu/g a sample must contain at least ten times as much 
9 1 L 
haematite as magnetite for the haematite to be detected. If haematite 
with little or no magnetite is present in a sample S is thus low, if 
magnetite alone is present S is close to unity. 
The ratio Jrs/X  was also calculated for all the samples. Since 
rs increases with decreasing grain size but x is more constant 
(decreasing slightly with decreasing grain size) as shown in table 14.1, 
this ratio gives an idea of the relative grain sizes of any magnetite 
present in the different samples. 
A double logarithmic method of plotting the J and x data isrs 
extensively used in the following sections. The advantages of this 
type of plot are that both relative grain sizes and concentrations can 
be seen. Grain size decreases from left to right and concentration - 
increases diagonally as shown in the diagram (figure 6.1). 
In the following sections each lake catchment is dealt with 
separately and in each case attempts are made to correlate the magnetic 
measurements described above between the different types of samples. 
6.3 
The geology of the area around Paajarvi and Ormajarvi is shown in 
figure 6.2. Bedrock outcrops are uncommon, apart from in the immediate 
vicinity of Paajarvi and in road cuttings. 
The main river system enters the lake at its eastern end and 
smaller streams flow in all round the lake. The outflow is southwards 
into Leppalammi. Glacial deposits are shown in figure 6.3. 
Figure 6.14 shows the locations from which soil and drift profile 
samples and stream sediment samples were taken. 
6.3.1 Lake sediments 
A set of twenty dry sediment samples from core 14 were used for 
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cm3  9- 1 pG cia 3 g 1 





1 33 18.4 21455 136 3140 0.93 
2 62 16.2 314147 215 1435 0.92 
3 91 22.14 3565 292 1450 0.914 
14 120 20.14 3150 18 14 14 140 0.96 
5 1149 	- 19.1 3880 203 14145 0.914 
6 178 19.9 3607 181 14145 0.90 
7 207 20.3 3817 188 1460 0.93 
8 236 20.0 3853 193 1450 0.98 
9 265 15.6 3766 2142 1455 0.91 
10 2914 21.3 32514 152 14145 0.97 
11 323 20.7 2188 106 1435 1.00 
12 352- 21.1 2720 129 14145 0.92 
13 381 37.1 3123 814 14145 0.91 
14 410 214.9 3022 121 14145 0.98 
15 439 23.6 3297 139 14145 0.90 
16 468 22.7 2855 125 1410 0.914 
17 497 20.5 1891 92 383 0.90 
18 526 21.1 2116 100 370 0.88 
19 555 22.6 1839 81 375 0.814 
20 5824 22.6 1819 81 1430 0.80 
TABLE 6.1: Values of magnetic parameters 
for Paajarvi lake sediment 
samples. 
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ments described above are presented in table 6.1. Values of H were er 
normally around 450 Oe, although in the top most sample Her  was only 
3140 Oe. A general decrease in Jrsh  values down the core was evident. 
The top-most sample again differed; having a lower value of 	than 
had other samples taken from the upper part of the core. As discussed 
in chapter 2, x values for the wet sediment samples showed an increase 
in the basal samples. In the dry samples the increase was not as sharp, 
showing that in the wet samples the increase was mainly due to a decrease 
in water content in the basal samples. J 5 values were lower at the 
base of the core. As the x measurements were fairly constant through 
the core tne Jrs/X  ratios suggest that more coarse grained magnetite 
was present in the lower part of the core. The consistent Her  measure-
ments and the fact that S was greater than 0.9 for most of the samples 
implied that magnetite was the dominant magnetic mineral. 
6.3.2 Drift and soils 
Susceptibility variations down the soil and drift profiles were 
examined for evidence of increases in x in the topsoil samples which 
would indicate growth of magnetite. 
In all the lake catchments studied soil was poorly developed and 
even in the cultivated areas extended to a maximum depth of only 30 cm. 
Below the soil glacial deposits of sand, silt, clay and gravel were 
encountered. In the forested areas peat, mor or moss and decaying 
pine needles formed the uppermost layer. All the profiles and the 
susceptibility measurements made in samples from them are shown in 
figure 6. 5. There was little evidence for any increase in susceptibility 
at the top of the profiles. Part of the weight of the topmost samples 
was due to organic material but the organic content is unlikely to have 
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Figure 6.5 Descriptions of soil and drift profiles 
with susceptibility variations- Paajarvi 
bulk sample fraction <32 p 
No. Depth J rs J 	/x rs 
H r c S X rs r /X s 
H cr 
S 
cm pGOe -1 
cm 3 g 1 pG cm 3 g 1 Oe Oe 
la 0 214 1892 79 330 0.73 96 14397 146 235 0.88 
b 8 36 1580 1414 185 0.87 85 14335 53 2140 0.814 
13 8. 144 19 375 0.143 1150 365 0.72 
d 18 148 22140 146 110 0.78 130 6310 148 235 0.81 
e 23 143 2050 147 105 0.75 132 60314 146 250 0.88 
f 29 33 1370 141 110 0.79 113 5020 148 250 0.86 
g 314 21 815 39 110 0.90 78 3760 148 255 0.83 
h 140 11 220 20 105 0.59 214 1510 63 3140 0.66 
i 1414 Ia 	. -- 	1702 Iti 110 0.85 
2a 5 7.9 255 140 330 0.56 9.5 1469 149 250 0.71 
b 10 7.8 280 140 270 0.56 10.8 515 148 265 0.61 
c 15 10 567 51 275 0.59 114 686 50 270 0.65 
d 22 9.2 318 30 255 0.614 18 765 142 275 0.70 
e 30 6.9 2146 27 365 0.1414 15 527 141 270 0.67 
f 38 18. 128 17 510 0.23 10 230 23 14145 0.147 
g 143 5.0 94 13 1000 0.00 9 123 13 1475 0.141 
h 53 5.9 112 13 920 0.08 9 112 II 6145 0.27 
1 60 5.1 112 114 955 0.05 9 123 13 6140 0.30 
5a 0 8.8 2145 28 1430 0.63 10 290 29 580 0.27 
b 8 7.9 230 30 550 0.65 8.5 295 314 
5145 0.36 
c 13 7.7 150 20 7145 0.47 8.3 180 22 
7145 0.12 
a .18 8.6 170 20 660 0.52 8.2 230 28 670 0.i 
e 26 12.7 235 19 255 0.81 8.0 215 28 750 0.16 
f 31 12.0 185 16 1470 0.68 9.3 2140 26 9140 0.014 
g 39 9.0 155 17 1500 -0.31 9.8 290 29 900 0.01 
h 149 8.8 14145 50 780 0.149 11 580 51 7145 0.2 
i 59 13.0 1480 36 7140 0.52 15 8140 55 750 0.2 
ha 2 18 572 31 250 0.94 30 1580 52 275 0.61 
b 9 20 755 38 260 0.78 35 1760 149 355 0.7 
c 15 23 771 33 2145 0.814 26 1290 149 260 0.7 
d 20 26 io614 141 260 0.69 33 1280 37 250 0.71 
 
e 27 10 280 30 360 0.514 16 760 148 1430 
Q • 1 
f 314 8.2 275 314 1465 0.33 12 680 55 535 0.14 
g 39 8.3 230 28 350 0.56 10 655 63 550 0.3 
h 148 7.6 390 52 750 0.26 13 116o 92 685 0.3: 
1 58 14.9 2014 141 1455 0.147 11 685 63 670 0.3: 
65 6.9 185 27 1455 0.145 12 860 73 1470 0.14 - 
TABLE 6.2: Values of magnetic parameters for 
Paajarvi soil and drift profiles. 
(Contd.) 
Unsieved soils 
Sample Depth x J J 	/x H S No. cm ijG Oe -1 rs rs cr 
cm 3  9- 1 iG cm 3  9- 1 Oe Oe 
6a 2 6.2 395 64 355 0.80 b 11 1.2 50 42 360 0.85 
c 20 2.4 38 16 360 0.60 
d 30 5.0 55 11 270 0.83 e 33 0.6 30 53 370 0.85 
45 0.04 59 260 0.79 
g 53 1.3 51 38 265 0.84 
7a 2 19 1015 54 370 0.72 b 10 21 1105 53 365 0.71 
9a 0 20 880 44 475. 0.42 
b 8 22 990 46 385 0.50 
c 17 21 950 46 470 0.46 
d 25 26 980 38 450 0.48 e 35 12 335 28 905 0.08 f 42 14 705 51 735 0.22 
g 46 15 905 62 770 0.25 
h 55 18 1605 88 775 0.31 
TABLE 6.2 contd. 
would not therefore have dramatically altered the results. It could 
be argued that the enhanced topsoil has been eroded off in which case 
the pedogenic production of magnetic minerals would clearly not be 
rapid enough to significantly contribute to the magnetic mineralogy of 
the lake sediments. 
Peaks in the susceptibility values beneath the topsoil, or forest 
top layer, were due to differences in glacial drift composition. Such 
peaks often occurred between 20 and io cm. 
Values of all the parameters measured are given in table 6.2. 
tended to be low (<50), 11'r varied from 100 to 1000 Oe and S was 
always less than unity. The lowest values of S were found in samples 
from field profile 9 and at the base of forest profile 2. These 
samples also had high H values and therefore contained fine grained
cr 
haematite. Evidence for the presence of fine grained haematite also 
came from the red-orange oxidation patches visible in the profiles. 
With one or two exceptions, II increased with depth in all the profiles.cr 
Comparisons of J rs  and x data for profile and lake sediment samples 
are shown in figure 6.6a. A clear offset towards lower values of J rs 
and x for the profile samples compared with the lake sediment data. was 
evident. Only two samples (la and 9h) fitted the lake sediment data 
and in the case of one of them (9h) He,.. was much greater than the values 
measured on the lake sediments. 
To try to improve the correlation samples from two profiles of 
each type were wet sieved using an electronically vibrated sieve tower 
to extract the finest fraction (<32 p). The lake sediment itself was 
composed almost completely of grains in this size range. Information 
obtained from the fine fraction is tabulated alongside the appropriate 
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Values of S, J/X and H cr 
 for the fine fractions of forest profile 
1 were, on average, higher than those of the bulk samples. The absolute 
values of J rs and x were also greater. These results implied that a 
higher proportion of magnetite grains was present in the fine fractions 
than in the bulk samples. Both H and J rs' 
were, however, still lower
cr 
than the values obtained for the lake sediment samples. 
An increase in absolute values of J rs 
 and x was also found for 
the fine fraction of field profile 2, although this increase was not 
as great as for profile 1. Little evidence of any x enhancement in 
the topsoil fine fraction was apparent. Values of S were increased, 
indicating an increased proportion of magnetite to haematite in the 
fine fraction, possibly due to the removal of fine grained haematite 
along with larger grains to which it adhered and on which it had 
originally developed. Hcr measurements made on samples from the 
deeper parts of profiles were decreased by sieving, in agreement with 
the S value changes. 
In field profile 5 a decrease in S for the fine fraction was found, 
implying that here haematite was present in the finer material, possibly 
associated with the clay minerals. Only slight incr ses in J and xrs 
occurred and changes in Hcr  from the bulk to the fine fraction of 
samples were erratic. 
Samples from field profile 11 had higher J/X  and Hr  values in 
the fine fraction but S showed only slight changes. Absolute values 
of J and x were again higher in the fine fraction, the highest beingrs 
found in the upper part of the profile where Hcr  values were the lowest 
indicating magnetite. J rs 
 and x data from the sieved profiles is 
plotted in figure 66b and compared with the lake sediment data. 
Although the positions of data points from individual soil or drift 
98 
samples were closer to those of the lake sediment, the overall distri-
bution remained the same. S has been plotted against "cr for the lake 
samples and the fine fractions of the profiles in figure 6.7. The 
diagram illustrates that haematite is of importance in the fine fraction, 
so that values of S are lower and II cr 
 higher than those of the lake 
sediments. 
6.3.3 Stream sediments 
Data for the bulk stream sediment samples are presented in table 
6.3 and x and J rs values plotted in figure 6.8a. Values of S were 
nearly all greater than 0.6 and only a small proportion of the stream 
samples had Hcr values greater than 500 Oe, implying that .haematite 
was less important than in the soil and drift profiles. Values of 
were generally higher for the stream sediments than for the 
profiles. 
The grouping of stream data points on the log plot was similar to 
that of the soil and drift samples with a narrower spread of absolute 
values, so that they too were offset from the lake data points. 
Samples giving the best fit to the lake data on the diagram were from 
streams lK and 41, the latter stream entering the lake near to the 
point from which cores 3 and 4 were taken. These samples had high 
values of J. rs 
 /X and the H cr 
 measurements would match those made on the 
lake samples, although S values were slightly lower than for the lake 
sediments. 
The highest H 
cr 
 measurements were found in the stream sediments 
from the eastern end of the lake, although 4A and ltB also had high 
coercivities. None of the absolute susceptibility values were as high 
as those found in the lake sediment but some of the J rs values were 
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X -1 	rs 	rs 	
Her S Sample x 	rsrs' 	'icr S 
No. 	i-iG Oe No. 
m3 g 1  pG cm39' Oe Oe 
:3 -bulk '1.6 373 48 3140  0.80 4Ga lit 980 61 365 0.86 
-sieved 
2.0 62 31 1450 0.141 iv 8.0 3142 143 3145 0.88 
3.9 119 31 1430 0.55 v 3.6 261 72 370 0.79 
:IV 2.14 92 38 365 0.72 vi 8.8 7914 90 310 0.94 
-v 6.2 336 54 rio 1.00 vii 16 1335 85 1475 0.78 
-vi U - 	 7140 57 180 1.00 
15 940 614 345 0.83 141b 114 3220 222 320 0.87 
14c bulk 11 295 26 1455 0.65 
iv 6.3 333 53 330 1.00 
itO 36 270 0.79 V 5.5 570 103 165 0.80 
3.8 136 36 1145 1.00 vi 17 565 33 165 1.00 
21 35 16 265 0.74 vii 18 5830 372 3140 1.00 
IV - 	 '1.3 262 35 230 0.73 
-v 7. 2 303 142 3214 0.66 - 14K 12 1733 143  390 0.84 
-vi 6.2 200 30 2146 1.00 
188 27 1470 1.00 iv 6.9 1455 65 1160 0.60 
v 24.5 320 71 270 0.89 
)4D hulk 6.3 1714 28 550 0.600 vi 6 1360 2214 162 1.00 
vii 13 3185 235 370 0.79 
145 28 220 0.91 
IV 3.1 109 35 14145 0.55 Unsieved stream samples 
-v 2.8 1814 66 710 0.20 
-vi 4.7 170 r 	36 550 0.314 14A 8.5 86 10 885 0.52 
-vii 5.6 120 22 645 0.29 I-tB 8.3 206 25 560 o.61 
itFa 11 125 12 230 O.81 
11.8 360 30 565 0.61 b 12 255 21 5140 0.60 
14Gb 6 168 28 355 0.77 
iv 1.2 280 230 250 0.69 c 12 1108 914 350 0.69 
-v 0.5 250 500 290 0.53 ItHa 10 271 26 720 0.55 
-vi 12 370 30 350 0.95 b 16 336 22 340 0.65 
Vii 10 783 - 75 1420 0.68 41a 12 3930 315 320 0.85 
- 141 14 572 41 375 0.6 
TABLE 6.3: Values of magnetic parameters for bulk and 
sieved Paajarvi stream sediment samples. 
Sieved fractions: i 2000-1000 p 
ii 1000- 500 p 
- iii 500- 250 p 
iv 250- 125 p 
v 125- 63 p 
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in these sediments the presence of fine grained magnetite could be 
inferred. 
The wet sieve tower was used to separate different grain size 
fractions for seven of the stream samples. Sieves with mesh spacings 
of 1000, 500, 250, 125, 63 and 32 p were used and the finest fraction 
was collected in a bucket beneath the sieve tower. All seven size 
fractions were examined from each stream. Results are presented in 
table 6.3 and the x and J rs.  data plotted in figure 6.8b. 
In the fractions from stream 	was found to increase withrs 
decreasing grain size. The fine fraction had the highest values of 
all the parameters and the fact that these values were also greater 
than values for the bulk sample implied a greater proportion of magnetite 
in the fine fraction. It is interesting to note that the lower value 
of S occurred in the largest grain size fraction so that, as with some 
of the soils, it seems that the fine grained haematite present adhered 
to coarse particles of other minerals. 
A sample taken from the central channel at the mouth of the same 
stream (4Ga) was also sieved and the fine fraction found to have higher 
values of J rs , rs 	cr 
J /x and H than the bulk sample. Apart from the 
rs value, these data matched the lake sediments data. Other samples, 
taken from nearer the bank (ltGb) and from a flood deposit above the 
water level (lGc) of the same stream, had lower values of S and JrsIX 
and therefore a higher haematite content than 1 Ga. 
• Other stream samples sieved included 4C, LW and 4E. Low values of 
J Ix were found in the fine fractions of both 14C and LW with high H rs 	 cr 
and low S values occurring in the latter, implying that some haematite 
was present although the presence of magnetite alone in the fine fraction 
of lC was indicated by the S value of unity. The fine fraction of 4E 
101 
had values of J rs 	cr /x and H which matched those of the lake sediments, 
although S pointed to the presence of some haematite. 
In the fine fractions of 41b and 14K, high values of Jrs/X were 
found and both J rs 
 and x were greater than in the bulk samples. 
Plotting J rs and x data for the fine fractions produced a better 
correlation with the lake data as indicated in figure 6.10 where the 
points on the diagram are seen to be shifted to the right of the bulk 
samples and other sieved fractions. An exception was the fine fraction 
of bD, which as mentioned above has evidence of the presence of a 
significant amount of haematite. 
In the graph of S against Her  for the fine fractions (figure 6.7) 
it can be seen that there has been a migration to higher values of S 
in the stream fine fractions when compared with those of the soil and 
drift profiles. This is due to a higher magnetite/haematite ratio in 
the stream fine fractions. 
• 6.3.1 Bedrock 
Data for the bedrock is given in table 6.4. Measurements were 
made on crushed samples because of the hard crystalline nature of the 
rocks. Coercivities were high and Jrs/X  was always greater than 150. 
None of the streams cut down to bedrock and, considering the small- 
rock outcrop and the vast quantities of glacial deposits of the catch-
ment area, it seems most unlikely that bedrock could be a major sediment 
contributor to the lake. 
6.3.5 Comments 
One of the striking features of the lake, stream and profile data 
is the decreasing importance of haematite and increasing importance of 
magnetite which is evident from the soil and drift profiles through to 
102 
the lake sediment. This is brought out in figure 6.7. In the soil and 
drift profiles haematite has the effect of masking the magnetite which 
is also present. 
The magnetic minerals in the lake sediment are derived from the 
glacial deposits. Haematite is removed during erosion and transport 
of detritus by the stream. The high Jrs/X  values in the lake sediments 
indicate that the magnetite is fine grained. This seems to be an 
extension of the trend of higher JrsIX values in the fine fraction of 
the stream sediments which implied that magnetite was concentrated in 
the fine fraction of the stream sediments. The finest material will 
travel furthest in the lake, being deposited in the deeper parts from 
which sediment cores were collected. 
6.4 Ormaj arvi 
The rocks of the 0rniaarvi drainage basin are almost entirely mica 
giieisses (figure 6.2) with some granodiorite to the north-east. The 
main inflowing stream comes from Kyynarojarvi into the northern bay. 
The outflow is from the southwestern corner of the lake. Locations for 
the soil and drift profiles and the stream sediment samples are shown 
in figure 6.9. 
6.4.1 Lake sediments 
Results from the 20 samples from core 2 are given in table 6.5. 
was always greater than 130 except for two of the upper samples 
and Her  was also high, generally between 525 and 570 Oe. S values 
averaged about 0.75, lower than those found in Paajarvi. Specific values 
of x and J rs  as well as 	tended to be lower at the top of the corers 
than further down, indicating that the magnetite was coarser grained 
in the upper sediments. 
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Sample x i rs rs /X H cr S 
No. VG 0e1 
cin 	9- 1 pG cm3  9- 1 Oe Oe 
RA 3.7 11433 1487 535 0.60 
RB 11.8 1510 155 510 0.68 
RC 5.2 18 140 1460 590 0.69 
RD 114.0 1805 1614 1420 0.58 
TABLE 6.14: Values of magnetic parameters for 
Paajarvi bedrock samples. 
Sample 	Depth 	x 	J 	J /x 	H 	S 
No. cm pG 0e1 
rs rs cr 
cm3 g- 1 	VG cm3 g- 1 	Oe 	Oe 
1 61 15.6 11492 96 525 0.72 
2 89 14.O 1827 131 530 0.73 
3 11 7 11.7 1135 97 5145 0.72 
14 1145 19.7 3679 187 630 0.69 
5 173 17.7 3286 186 550 0.73 
6 201 17.8 2876 161 560 0.76 
7 229 15.7 21148 137 573 0.72 
8 257 18.8 214148 130 575 0.72 
9 285 23.8 3826 161 560 0.76 
10 313 26.0 14511 1714 565 0.77 
11 3143 114.9 3613 2142 573 0.714 
12 369 21.0 14158 198 560 0.76 
13 397 28.5 51412 190 560 0.76 
lIt 1425 18.1 3698 2014 550 0.77 
15 1453 214.14 14202 172 560 0.76 
16 1481 22.6 143145 193 550 0.80 
17 509 23.8 5330 2214 560 0.77 
18 537 21.6 14560 211 555 0.714 
19 565 28.2 51451 1914 560 0.714 
20 593 19.8 2728 138 565 0.73 
TABLE 6.5: Values of magnetic parameters for 
Ormajarvi lake sediment samples. 
lO'4 
6.4.2 Soil and drift 
Topsoil in the cultivated areas was developed to a maximum depth 
of 18 cm (profile 2). Profiles are shown in figure 6.10. In profile 2 
1cr increased with depth into the glacial deposits but the deepest 
sample, at a depth of 69 cm, had a moderate 11r and higher S value than 
those just above. Values of J, /X were always less than those found in 
the lake sediments. The data for this and the other profiles is presented 
in table 6.6. Again there was no evidence for susceptibility enhancement 
in the topsoil (figure 6.12). A J rs 
 and x plot is shown in figure 6.13. 
Forest profile 5 had low values of Her  and J rs' 
 but high values 
of S indicative of magnetite. Profile 8, dug in a field, followed a 
similar pattern to that of 2, having lower Her  and higher S values in 
the topmost samples. Absolute values of Jrs in profile 8 were higher 
than the average for the profiles. The same was true of samples from 
the top of forest profile 9, where again S decreased and H increasedcr 
down the profile as reddish coloured silty sand was penetrated. Haematite 
seemed to have developed in the glacial deposits. When samples from 
profile 9 were sieved and the fine fraction examined (table 6.6) the 
values of S were found to be lower, and Her  higher, than those found 
in the bulk samples indicating that the haematite was associated with 
the fine material. 
Bulk samples from profiles 12, 13 and 16 all gave similar results 
to 9. The bulk profile data points in figure 6.11a were more closely 
grouped than those of Paajarvi but the offset from the Ormajarvi lake 
sediment results is large. The fine fraction data is compared with the 
lake sediment results in figure 6.11b. It can be seen that although 
the values of J and x were higher in the fine fractions than the bulk, 
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Figure 610 Ocriptions of soil and drift profiles 
with susceptibility variations - Ormajurvi 
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bulk samples fraction <32)j 
No. Depth x J J 	Ix H S x J i 	Ix s H cr S 
pGOe 
cm3  g- I pG cm 3g' Oe Oe 
9a 0 148 1922 140 2140 0.88 58 17214 30 265 0.65 
b 5 118 140145 314 230 0.96 151 5115 314 215 0.80 
11 33 1383 42 235 0.90 146 2238 148 265 0.70 
d. 20 26 1278 149 2145 0.76 149 27145 56 335 0.68 
26 22 950 143 250 0.78 36 16514 246 350 0.62 
f 33 10 1405 41 2450 0.60 16 10514 614 5245 0.147 
g 38 9 14145 49 2465 0.36 12 .893 72 655 0.30 
h 146 8 3245 43 1465 0.34 11 729 66 785 0.16 
± 52 12 7145 62 585 0.142 17 1511 88 7145 0.20 
j 68 10 630 63 570 0.146 lIt 1348 96 725 0.26 
12a 0 21 ioIto 50 280 0.67 20 1025 52 3145 0.59 
7 20 921 246 265 0.72 19 960 51 340 0.59 
C 114 19 923 49 280 0.70 17 877 51 3140 o.61 
d 19 20 9145 47 280 0.72 18 955 53 3245 0.61 
e 25 19 1050 55 270 0.73 20 789 240 380 0.55 
f 31 20 716 39 255 0.69 17 632 36 355 0.55 
g 37 11 14314 39 750 0.20 11 493 145 860 0.13 
h 146 12 720 60 760 0.25 13 9114 68 865 0.17 
1 53 13 820 63 685 0.27 12 672 55 7240 0.19 
j 62 124 828 59 695 0.26 114 897 614 725 0.23 
13a 7 7.3 178 25 560 0.314 7.0 2624 38 2490 
0.149 
b 114 7.2 129 18 1500 -0.06 6.24 192 30 660 0.23 
C 20 8.0 132 17 2670 -0.21 7.7 190 25 880 0.08 
d 25 9.6 162 19 3200 -0.25 8.3 230 28 890 0.21 
e 30 8.2 173 21 3350 -0.30 8.2 230 28 1195 -0.08 
f 39 8.1 188 22 3600 -0.32 8.2 230 28 1350 -0.12 
g 46 8.0 201 25 2680 -0.21 8.8 280 32 895 0.11 
h 55 8.5 179 21 314240 -0.30 7.7 2145 31 865 0.06 
16a 0 lii 730 52 335 0.77 22 1491 68 1455 0.149 
b 5 9 580 614 345 0.72 23 1587 69 1440 0.62 
C U 10 51414 524 350 0.70 21 1235 59 510 0.148 
d 20 12 770 614 1470 0.60 21 1358 65 650 0.33 
26 12 790 66 365 0.63 22 16141 75 565 0.140 
f 32 15 750 50 370 0.61 242 21428 58 560 0.38 
g 141 13 600 46 375 0.63 7.1 1418 59 535 0.37 
h 46 11 570 52 1462 0.53 15 1118 77 680 0.27 
± 53 11 535 49 365 0.59 12 635 52 550 0.140 
TABLE 6.6: Values of magnetic parameters for 
Ormajarvi soil and drift profiles. 
(Contd.) 
Unsieved soil and drift samples 
No. Depth x i J 	/x H S 
cm pGOe 
rs rs cr 
cm3  g- 1 pG cm3  9- 1 Oe Oe 
2a 0 15 788 53 270 0.714 
b 10 16 10140 65 2145 0.82 
c 15 114 TOO 50 335 0.66 
d 20 15 6142 143 335 0.69 
e 25 17 801 147 2140 0.75 
f 314 13 395 30 270 0.61 
g 143 15 1428 28 2140 0.66 
h 148 23 685 30 235 1.00 
± 52 13 9314 72 670 0.36 
j 56 9 272 30 735 0.18 
k 65 10 1489 149 680 0.30 
1 69 13 317 214 375 0.514 
5a 5 15 602 140 335 0.85 
b 13 18 595 33 165 0.91 
c 17 314 897 26 170 1,00 
d 23 32 982 31 180 0.914 
e 29 35 991 28 180 0.95 
f 314 30 850 28 160 1.00 
g 145 15 383 26 175 0.62 
8a 0 21 13014 62 285 0.81 
b 10 22 11140 52 265 0.914 
c 18 22 1529 70 260 0.914 
d 23 21 1298 62 335 0.78 
e 28 22 13142 61 250 0.814 
f 33 19 1012 53 325 0.71 
g 140 lIt 969 69 655 0.39 
h 148 15 9614 614 630 0.142 
i 57 15 1179 79 580 0.143 
j 614 16 1315 82 570 0.52 
ao6 
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of haematite in the soil and drift samples was evident and is illustrated 
by the S vs Her graph of figure 6.12. 
6.4.3 Stream sediment 
Values of S in the bulk stream samples were higher than those of 
the soil and drift samples (table 6.) and 11r  was lower, indicating 
that haematite had been removed during the erosion process. J rs and x 
data is plotted in figure 6.13a. 
The highest J rs 	rs 	 cr , x and J Ix and the lowest H values were found 
in sample T, taken at the outflow of Lovojarvi to the southeast of 
Ormajarvi. These values indicated magnetite. None of the stream sedi-
ments, however, had coercivities as high as the values found for the 
lake sediments. 
Stream sample 1 was taken from the same stream as 7 but nearer to 
Ormajarvi. Values of J 5 , x and J rs were lower in 1 than 7, due to 
the influence in 1 of material such as that of profile 8. The presence 
of magnetite was implied by the high values of J rs 
 and x and the low 
H of sample 6. This stream drained the area from which profile 16cr 
was sampled and although fairly high values of J rs and x were found in 
16, there was also evidence of haematite. This was obviously destroyed 
during erosion into the stream. 
A distinct difference between the two samples from the main inflow 
river was apparent. Sample 4a was taken from near the bank whereas Ib 
was taken from the main channel. The contrast is most strongly brought 
out in the values of S, a much higher value being found for the channel 
sample than for the bank sample. This again demonstrates the destruction 
of haematite once the detritus enters the streams. 
Stream sample 11 might be expected to be of interest as the stream 
from which it was taken flows into Kyynarojarvi from which the main river 
IL 
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Sample 	x 	J 	rs J /x H 	S 	Sample x J rs J rs /x H cr  S 
No. 11G 0e' rs 
cr No.- 
cm3 9- 1 pG cm 39 1 	Oe 	Oe 
1 bulk 9.2 713 78 330 0.92 11 bulk 12 1410 314 265 0.89 
Sieved 
iii 10 608 61 1415 0.28 1 21 730 314 160 0.93 
iv 1.8 310 170 1425 0.72 Ii 16 505 32 250 0.81 
v 2.14 230 96 350 0.97 iii 11 500 146 280 0.81 
vi 13 790 60 230 0.71 iv 7.2 1435 61 360 0.73 
vii 114 11460 103 1430 v 2.14 290 120 335 0.79 
- 	vi 21 1145 7 270 1.00 
4B bulk 6.2 1412 66 355 0.814 vii U 1470 142 1450 0.51 
i 3.8 3148 90 1455 0.55 15 bulk 5.8 181 31 350 0.71 
ii 3.7 260 70 3145 0.66 
iii 3.8 230 60 360 0.63 1 13 1460 37 3614 0.148 
iv 14.6 2714 60 360 0.71 ii 7.3 3; 2.' 0 1414 351 0.50 
v 5.7 1420 73 265 0.82 iii 3.6 190 52 350 0.55 
vi 0.9 78 87 280 0.77 iv 14.8 180 37 380 0.51 
vii 5.2 300 58 360 0.79 v 2.9 125 142 1480 0.37 
vi 6.1 360 59 230 0.82 
7 bulk 126 14144 112 260 0.914 vii 145 2080 146 360 0.72 
1 18 990 514 270 0.85 Unsieved stream samples 
ii 1914 13150 68 270 0.86 
iii 210 12102 58 2145 0.99 3 14.8 230 148 270 0.85 
iv 14143 8320 19 170 1.00 ItA 3.2 118 37 1485 0.39 
v 860 9070 U 2140 1.00 6 32 2187 68 215 1.00 
vi 180 14090 53 1145 1.00 114 8.7 14014 146 330 0.80 
vii 116 6160 53 185 1.00 
10 bulk 8.6 397 146 3145 0.62 
i 21 1995 96 560 0.143 
ii 16 910 57 370 0.66 
iii 10 605 59 270 0.68 
iv 5 275 51 350 0.63 
v 5 250 50. 370 0.57 
vi 9 320 57 355 0.52 
vii 8 385 146 140 0.39 
TABLE 6.7: Values of magnetic parameters for 
bulk and sieved Ormajarvi stream 
sediment samples. Fraction notation 
as for Table 6.3. 
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d J /x to U 	cr 	r  . Both H and J /X were greater for 14b than for 
11. Although J 5 values were equal in the two samples, x for 11 was 
nearly twice that for 14b, implying that more fine grained magnetite 
was present in ).b. A concentration of fine grained magnetite may thus 
have occurred within the small lake. 
Six of the stream samples were sieved and measurements made on the 
different size fractions. The data is presented in table 6.7 and the 
rs and x values compared with those of the lake sediment in figure 
6.13b. An offset between the two sets of data points still existed 
and this vas also seen in the S, H plot of figure 6.12. The finecr 
fractions of 1, 4B and 15 had similar J and x values to the lakers 
sediments and 1 and 4B were both from important input streams. J r 
and H did not reach the same levels as the lake sediment values for 
cr 
any of 1, 4B or 15. 
6.14.1 Bedrock 
The data for the crushed bedrock samples are presented in table 
6.8. Coercivities were all high (>180 Oe) but the JrsIX values were 
also large. S values indicated that haematite was present. 
Comments 
The situation in Ormajarvi is evidently more complex than that 
of its close neighbour, Paajarvi, where correlations between stream and 
lake sediment were possible. It is thought that an explanation of the 
difference lies In the nature of the Ormajarvi sediment itself. The 
Ormajarvi sediments were more organic than those of Paajarvi and also 
had flakes of a reddish coloured brittle material dispersed throughout 
the cores. This may be related to the bog iron ores found in some 
110 
Scandinavian lakes and may have accounted for the high H and low Scr 
values which are characteristic of sediments containing a significant 
amount of haematite. The magnetite present was thus being masked in 
the lake sediments. The trends of increasing Jrs"X and S and decreasing 
from profiles to streams found in Paajarvi were again apparent. 
Magnetite derived initially from the glacial deposits again provided 
the remanence carriers for the lake sediment. 
6.5 Vuokonjarvi 
The geology of the Vuokonjarvi area is mainly hornblende gneiss 
with some granitic schists to the east of the lake (figure 6.18). 
Much of the area adjoining the lake is cultivated as can be seen from 
figure 6.114. The points from which stream sediment and soil and drift 
samples were taken are marked on the diagram. Most of the streams 
enter the lake from the south and west and the outflow is eastwards 
into Pielinen. 
p 
o.5.l Lake sediments 
The uppermost four samples of the 19 taken from core 2 and dried 
had lower values of S and Jrs/X with correspondingly higher values of 
Hcr than those from deeper levels in the core. Haematite was evidently 
present in the upper sediments. The J5/X  values of the uppermost 
samples from this core were the lowest found for any of the sediments 
investigated. Data for all the Vuokonjarvi sediment samples are listed 
in table 6.9. An overall increase in J rs 
 occurred down the core. x 
values also increased but the increase was not as great for the wet 
samples. The decreasing water content down the core in the wet samples 
had the effect of exaggerating the susceptibility increase. From the 
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Sample x J J 	/x H S 





cm3  9- 1 pG cm3  9- 1 
RA 14.8 1825 383 535 0.614 
RB 10.6 1295 122 1480 o.6 
RC 8.2 2185 266 700 0.33 
RD 21.6 14035 2148 550 0.149 
TABLE 6.8: Values of magnetic parameters for 
Ormajarvi bedrock samples. 
S4mp1e Depth x J J 	/x H S 
No. cm pG Oe 
rs cr rs 
cm3 9- 1 pG cm3 9- 1 Oe Oe 
1 37 15.3 890 58 140 0.55 
2 67 15.3 655 143 1465 0.149 
3 97 13.3 7114 514 1460 0.149 
14 127 13.9 866 63 1460 0.149 
5 157 22.14 1955 87 365 0.73 
6 187 50.14 5636 112 370 0.77 
7 217 214.0 2665 111 370 0.80 
8 2147 63.5 80148 127 365 0.87 
9 277 31.6 371414 118 390 0.79 
10 307 32.3 7575 235 375 0.82 
ii 337 36.1 14639 128 375 0.83 
12 367 143.8 5173 118 385 0.814 
13 397 53.9 7265 135 375 0.88 
114 1427 59.0 7569 128 365 0.89 
15 1457 75.5 10215 135 355 0.90 
16 1487 66.6 11241 169 365 0.88 
17 517 69.0 12206 177 360 0.93 
18 5147 514.5 151409 283 365 0.88 
19 577 68.7 125141 183 360 0.88 
TABLE 6.9: Values of magnetic parameters for 
Vuokonjarvi lake sediments. 
112 
that finer grains of magnetite are present in the basal sediments than 
in the younger deposits. 
6.5.2 Soil and drift 
Clay, silt and sand deposits were encountered at depths of 15 cm 
or less in the cultivated field profiles. x values are shown with all 
the profiles in figure 6.16. Increases in susceptibility at the tops 
of profiles were found in some cases. The x and J rs data are compared 
with those for the lake sediments in figure 6.17a and all the parameters 
presented in table 6.10. 
Measurements of H made on samples from field profile 10 were high
cr 
but from the high x values it was apparent that magnetite as well as 
haematite was present. The fractions of grain size <32 p from the 
profile 10 samples were examined and results found to be similar, the 
only difference being a slight increase in JrsIX Red, oxidised patches 
appeared in the profile. Low Her  values were found in forest profile 11 
which also had high values of 	and X. When the topmost samples from 
this profile were sieved and the finest fraction measured it was found 
that H cr 	rs 
and J Ix had increased but S had decreased. Haematite -here 
was associated with the fine material. The decrease in x for lla was 
probably due to the removal of some coarse grained magnetite during 
sieving. Large quantities of magnetite must have been present in the 
material to produce the large J 5 and x values. Data for the fine 
fractions are shown in figure 6.17b and table 6.10. 
Samples from field profile 12 had low S and high 1Tcr values, apart 
from sample 12c in which there must have been less haematit. Samples 
from forest profile 13 also had high coercivities. Sieving out the 
coarse fraction of these samples reduced the 11cr 
values in the upper 
part of the profile and increased Jrs/X so that a better match to the 
field 22 
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Figure 617 Comparison of Jrs  and X data from a) bulk soil/drift 
samples, Wine fraction with lake sediment d ta from 
Vuokonjarvi 
.113 
bulk samp]es fraction <32' 
No. Depth x J J 	/x H S rs J 	/x rs H cr S 
cm -1 jiG0e 
rs rs cr 
CM -3 	g' pG cm3g 1 Oe Oe 
lOa 5 16 981 61 970 0.25 12 911 17 11110 -0.063 
b 13 12 687 57 1370 -0.19 10 590 58 1630 -0.27 
c 20 17 692 41 1130 -0.08 11 655 55 11190 -0.23 
d 31 17 830 149 11140 0.04 12 830 71 1215 -0.10 
38 18 1012 56 1170 -0.07 11 860 77 1130 -0.057 
f 39 15 909 61 11 110 -0.03 12 880 iT 1185 -0.98 
lib 10 56 1158 21 250 0.82 114 102140 741 540 0.116 
c 15 56 1746 31. 355 0.73 39 2730 70 1460 0.60 
d 29 59 1523 26 350 0.83 121 5612 46 380 0.73 
e 39 62 1603 26 360 0.81 
f 50 514 1481 27 360 0.76 
g 60 67 17146 26 320 0.79 
h 65 58 1626 28 360 0.814 
13a 0 10 560 56 890 0.79 
b 33 2.2 1014 147 890 0.67 1.7 380 220 1415 0.60 
c 17 7.6 150 20 7145 0.145 14.0 2300 570 1445 0.54 
ci 20 5.7 585 103 695 0.33 5.9 16500 27814 665 0.37 
e 31 10 1905 190 760 0.39 12 6230 858 810 0.33 
f 140 14 3340 239 675 0.140 17 2100 123 715 0.38 
g 50 11 2320 211 695 0.37 16 161400 1006 720 0.31 
h 64 10 1680 168 670 0.36 16 300 ,19 685 0.33 
1 77 79 14640 59 1480 0.69 85 93 1 630 0.49 
18a 0 12 560 145 1450 0.145 17 625 36 550 0.143 
b 7 12 1460 ItO 550 0.39 13 395 30 550 0.1414 
c 14 10 1430 41 570 0.34 17 605 36 530 0.147 
ci 22 10 230 23 930 0.08 12 185 15 1135 0.10 
e 30 11 311 27 1500 -0.28 12 265 22 i600 0.28 
f 38 13. 111t5 ItO 1730 -0.147 12 1125 35 3000 o.11 
g 116 12 530 114 570 0.314 18 615 34 144O 0.52 
22a 38 11114o 38 351 0.56 27 1864 68 555 0.314 
b 116 1650 36 14140 0.58 30 1821 62 1180 0.40 
c ItO 1615 4O 790 0.47 26 1900 72 620 0.29 
d 18 1345 75 905 0.17 16 1460 91 890 0.89 
e 17 1595 94 350 0.12 14 1665 116 920 0.86 
TABLE 6.10: Values of magnetic parameters for 
Vuokonjarvi soil and drift samples. 
(Contd.) 
11)4 
Unsieved soil and drift samples 
No. Depth x J i's J rs /x H cr S 
cm pGOe -1 
cm 3 g 1 iiG cm3 g 1 Oe Oe 
9a 6 2.2 1418 190 330 0.84 
b 13 0.2 90 1450 270 0.97 
c 23 0.7 50 71 375 1.00 
d 35 0.2 34 170 370 1.00 
e 145 1.1 23 21 80 1.00 
f 55 0.1 50 833 375 1.00 
12a 0 114 1025 73 860 0.14 
b 8 12 765 614 920 0.04 
c 17 13 780 60 130 0.88 
d 30 - 11 580 53 1700 -0.12 
e 38 11 550 50 1580 -0.26 
14a 0 7 234 33 350 0.68 
b 10 2.5 116 146 360 0.57 
27 3.1 120 39 640 0.36 
35 6.2 225 36 660 0.26 
e 514 6.3 390 62 630 0.37 
67 4 • 1 290 71 745 0.214 
67 14.7 280 60 650 0.29 
16a 25 0.7 93 132 430 0.65 
b 38 2.3 125 514 1420 0.72 
c 50 3.2 121 38 620 0,31 
20a 7 12 1460 38 370 0.64 
b lit 5.6 200 36 555 0.140 
c 19 65 1890 29 1460 0.65 
d 33 614 3000 47 1480 0.70 
e 140 77 3750 149 1490 0.66 
149 80 14360 55 5140 0.57 
TABLE 6.10 contd. 
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lake sediment data was achieved. Another forest profile, lit, was sampled 
and haematite found to be dominant at depth. All J  rs and x values in 114 
were low. Results from profile 16, where there was a thick accumulation 
of wet peat and only three samples were obtainable, showed evidence of 
the presence of haematite and magnetite. 
Another cultivated field profile was sampled at 18. The high 
coercivities and low S values of the samples indicated haematite. 
Results from the fine fraction of these samples 'were similar, an increase 
in Js/X being the only consistent feature. 
Haematite and magnetite were present in profiles 20 and 22. 
Sieving samples from 22 resulted in higher J rs' 
values in the fine 
fraction although the coercivities were still high. 
Most of the profile samples thus had substantial amounts of 
haematite present. An S, 'icr 
 diagram is 'shown in figure 6.18. The 
sieved soil data (figure 6.17b) did not provide a much better match to 
the lake sediments than the bulk sample results. 
6.5.3 Stream sediment 
Most of the western streams were small, cutting through the soil 
and glacial deposits but not reaching the bedrock. Results are tabulated 
in table 6.11 and the J rs 
 and x data plotted in figure 6.19. 
In general S values for the bulk stream samples were higher than 
those found for the soil and drift profiles. It was possible to 
examine the effects of the small lakes to the south of Vuokonjarvi on 
the magnetic properties of the stream sediments. Stream samples 21b 
L 
and 19, both of which came from streams linking such lakes to Vuokon-
jarvi, had high S values indicating the dominance of magnetite. Bank 
and channel deposits 21a and 21b gave different results. 21a had higher 
Her and lower S values than 2-lb, implying a greater haematite content 
°4I 
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Figure 6.18 	Her  and S data for Vuokonjarvi samples 
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x J rs J 	/X rs H cr S 
1 bulk 48 1670 35 360 0.62 7 bulk 21 350 16 1450 0.58 
sieved 
± 56 1310 23 220 0.95 1 15 238 15 360 0.51 
ii 20 585 29 210 0.82 ii 114 1400 28 350 0.60 
iii 39 910 23 285 0.79 iii 33 560 16 3145 0.55 
iv 1014 1720 17 265 0.85 iv 55 TOO 13 270 0.71 
v 84 11490 - 18 210 0.86 v 146 5142 12 290 0.68 
vi 76 11415 19 250 0.91 vi 16 290 18 290 0.78 
vii 22 11400 63 635 0.35 vii 10 185 18 390 0.5 14 
2 bulk 114 765 55 375 0.65 8 bulk 129 1380 11 235 0.98 
1 17 1480 28 365 0.59 1 20 930 46 560 0.30 
ii 13 360 28 385 0.39 ii 28 720 26 360 0.143 
14 290 22 360 0.68 iii 56 1105 20 265 0.62 
iv It 213 52 44O 0.56 iv 175 2335 13 235 0.71 
lIt 144O 31 3514 0.66 v 165 21410 15 2140 0.72 
vi 43 550 13 345 0.15 vi 1145 1565 11 230 0.82 
vii 27 2704 101 1430 0.71 vii 48 2290 47 3140 0.70 
14 bulk 5 136 28 555 0.54 15 bulk 12 660 55 950 0.06 
± 12 290 214 515 0.147 i 11 1310 119 5140 0.148 
ii 4.6 255 56 1460 0.144 ii 15 170 51 320 0.52 
iii 2.7 63 23 3145 0.93 iii 7 335 Itr 260 0.79 
iv 3.6 1143 4O 465 o.47 iv 1 220 218 260 1.00 
v 10 283 28 535 0.141 v 0.6 1425 663 230 1.00 
vi 16 1410 25 1460 0.50 vi 1.3 590 140 245 0.92 
vii lit 915 614 1470 0.51 vii 14.5 155 314 5140 0.147 
6 bulk 19 300 16 800 0.16 21B bulk 30 2070 69 365 0.82 
i 23 2142 10 2140 0.56 ± 8.4 1413 149 1460 0.147 
ii 30 575 10 230 0.69 ii 7.3 533 73 44O 0.67 
iii 314 325 9 220 0.66 iii 8.0 590 75 14140 0.71 
iv 18 220 12 1460 0.29 iv 22 930 142 355 0.75 
v 16 200 12 700 0.17 v 63 1600 25 275 0.88 
vi 11 2145 22 730 0.114 vi 1142 2100 15 225 1.00 
vii 12 1405 314 1290 -0.10 vii 47 3785 81 285 0.87 
Unsieved streams 
3 20 2850 1142 870 0.19 
5 19 831 1414 600 0.148 
17 12 690 59 950 0.05 
19 59 5900 100 3145 0.92 
21A 8.8 390 69 555 0.30 
TABLE 6.11: Values of magnetic parameters for 
Vuokonjarvi stream sediment samples. 
Fraction notation as for Table 6.3. 
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Figure 619 Comparison of J rs and X data from 
bulk stream sediment 
.lved fractions with lake sediment 
data for Vuokonjarvi 
iii 
in the bank samPle. The haematite was destroyed in the main channel. 
Samples 8 and 119 were taken from the inflow and outflow streams of 
. mail lake. iBoth had high values of S and moderate coercivities but 
the Outflow 19 had a value df 100, similar to that commonly foundrs 
P the lake sel1flflts studied. A similar increase in Jrs/X  can be seen 
7 to 21b where there was also a decrease in Hcr and an increase in 
S These results support the view that concentration of fine grained 
iiagnetite occurs in lakes. At points in the streams further from the 
utflOw the effect of derived bank material was seen in increased Her 
nd decreased S values. 
The riaxixflUlfl Coercivities measured on the stream samples were less 
than those foUfld in the soil and drift profiles. The highest values 
were found in saiples 3 and 17 both of which entered the lake close to 
the coring site. 
Stream afl1pIe 15 had a high coercivity due to the haematite in the 
drift derived from its banks and not yet destroyed. Sample 1 from the 
outflow of a S111a,11 lake to the north of Vuokon.iarvi followed the pattern 
of such outflow streams and had a fairly low coercivity. Some haematite 
Vas, however, present in the sediment as was evidenced by the low S 
value. 
j and x data for the stream samples are compared with lake sediment -rs 
data n rigurc G.19a from which it would appear that stream samples 7, 
15, 2 and 5 mstch the uppermost lake sediments. The coercivity values, 
however, did flYt always confirm this correlation. 
Eight o:t' the Stream samples were sieved and the results of the 
magnetic meaemeflts made are given in table 6.11. No consistent 
pattern of pnrUfleter changes with grain size appeared. S was usually 
slightly 1o\('r in the fine fraction than in the bulk sample. An improved 
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positioning of points relative to the lake sediment data was given by 
the fine fractions as shown in figure 6.19b where data from the other 
fractions has also been plotted. The best fit was given by samples 
6, 1, 1 and 8 although from figure 6.18 it can be seen that the H cr 
and S data correlation was still not exact. This resulted from the 
higher proportion of haematite in the stream sediments. 
6.5.4 Bedrock 
The bedrock sample was crushed and magnetic measurements made 
on it. 11cr was moderately high at 430 Oe and the low value of S 
(0.68) implied that some haematite was present. 
6.5.5 Comments 
The source of the magnetic minerals in the Vuokonjarvi sediment 
was again found to be the glacial deposits. Topsoil susceptibility 
enhancement was found for some profiles. In view of the much larger 
quantities of till present the magnetic minerals responsible for the 
enhancement probably are not a significant part of the magnetic frac- 
tion of the sediments. 
Haematite, found to be developed in the drift deposits, was not 
totally destroyed during transport as evidence for its presence was 
found in the uppermost lake sediments. The decreasing effect of 
haematite on samples of the different types is illustrated by the H cr 
and S diagram (figure 6.18). It is difficult to explain why haematite 
should be preserved in the uppermost sediments of Vuokonjarvi but not 
in other lake sediments, except Ormajarvi. One explanation could be 
that streams began to erode the deeper parts of the drift deposits in 
which haematite was present. An increased erosion rate cannot explain 
the haematite presence because from the age depth curve drawn up from 
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the pollen analysis (figure 3) the deposition rate was slower in the 
uppermost sediments. Reduction of haematite to magnetite could be 
occurring at a certain depth in the sediment. If this were the case 
the magnetite developed would be expected to acquire a CRM which would 
differ from the NRM in direction so that a discontinuity in inclination 
and declination values would be seen. This is not the case. The S 
values are constant for the upper sediments and change abruptly so that 
any chemical change occurring could not be gradual. The changes in 
magnetic mineralogy probably result from changes in the drainage 
patterns in the past. 
Concentration of magnetite was observed in small lakes within the 
Vuokonjarvi catchment area. Inflow and outflow stream sediments had 
different magnetic properties. Inflow stream sediments had evidence 
of haematite whereas the sediments of the outflow streams appeared to 
contain magnetite alone. At greater distances from the outflow point 
the stream sediments again contained haematite, derived from eroded 
glacial deposits. 
6.6 Pielinen 
The geology of the area around the bay from which the cores were 
taken included granitic and micaceous schists and gneisses with some 
small outcrops of amphibolite and quartzite as illustrated in figure 
6.11. For the purposes of this survey only the area around the bay 
was sampled as it was drained by the one main river system entering 
the bay. Sample locations are shown in figure 6.20. 
6.6.1 Lake sediments 
Thirteen samples from core 2 were used to obtain the data 
presented in table 6.12. Apart from the top two samples all had 
Jrs 
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cm 3  9— 1 
J 
rs 
pG cm 3  9— 1 






1 242 35 4290 123 475 0.68 
2 272 135 12915 96 530 0.76 
3 302 24 9356 390 475 0.69 
332 59 11602 207 540 0.72 
5 362 65 12592 194 46o 0.75 
6 392 56 9 48 rio 46o 0.72 
7 420 59 9062 154 455 0.74 
8 452 59 9012 154 580 0.71 
9 482 66 8920 135 46o 0.76 
10 502 58 10132 115 li6o 0.76 
11 512 58 10140 175 475 0.73 
12 51i2 57 12269 219 )470 0.74 
13 572 63 10428 165 46o 0.71 
TABLE 6.12: Values of magnetic parameters for 
Pielinen lake sediment samples. 
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values of greater than 135. The values of S imply the presence of some 
haematite and this is corroborated by the high coercivities. High 
values of J and x with the high 'rs/X  values, however, indicate ars 
substantial fine grained magnetit& content. 
6.6.2 Soil and drift 
Profiles and their x measurements are illustrated in figure 6.21. 
Little evidence of susceptibility enhancement appeared. x and J rs data 
are plotted in figure 6.22a and compared with the lake data. It can be 
seen that the offset of profile values towards lower J rs  and x is 
quite pronounced. 
Profile 3, taken from a forest and the furthest profile from the 
bay, had susceptibility values of similar magnitude to those given by 
the lake sediments but the J rs rs and J /x values were lower an ci' d H was 
higher. The J and J rs' 
differences were probably due to grain size
rs 
differences with finer magnetite present in the lake sediments. In 
the fine fraction of profile 3 a greater concentration of magnetite was 
indicated by the higher J and x values when compared with the bulkrs 
sample data (table 6.13). The forested area from which these samples 
were taken has been extensively drained by means of ditches and probably 
provides an important source of detritus for the lake. As illustrated 
in figure 6.22b the data for the fine fraction gives a good fit to the 
lake data. 
Data from other soil and drift profiles did not match those from 
the lake so well. Most of the Jrs/X values tended to be under 100, 
even for the fine fraction. There were a few exceptions with higher 
values, for example some of the samples from profile 6, again 
from a forested area. Values of J were always higher in the finers 
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bulk samples 
Sample Depth 	x 	J 	J /x H 	S 
No. 	cm PG 0e 
rs rs 	cr 
cm 3 g 1 pG cm3 9 1 Oe 
Oe 
2a 0 89 3160 36 
b 16 1.7 96 56 
c 21 13 1425 33 
d 27 14 105 26 
e 33 4.2 65 15 
f 35 14,14 75 17 
g 143 5.3 80 15 
h 50 14.14 75 ii 
± 56 5.1 90 18 
265 0.76 
375 0.53 
235 1.00 lit 
1420 0.66 2.8 
1435 0.63 3.7 
550 0.514 14,3 
555 0.149 0.14 
560 0.50 
ccc n 	h'i' 
32-250 p 
650 	145 	170 0.86 
220 78 330 0.78 
160 	43 	365 0.67 
150 35 355 0.50 
130 (366) 14140 0.54 
.)- p 
3b 12 67 2780 
c 17 814 3930 
d. 27 77 14590 
e 37 79 14500 
1' 41 90 14555 
g 149 95 14245 
h 55 69 14335 
1 64 69 14575 
j 73 62 3930 
6a 7 0.14 2145 
b' 17 2.14 70 
c 24 3.3 130 
d 29 3.8 160 
e 37 2.7 125 
r 1414 10 860 
g 149 9.0 1025 
h 56 11.3 1375 
± 61 9.5 1105 
j 70 11 1625 
7a 0 6.6 78 
b 7 6.8 75 
c 12 5.7 47 
d 17 6.3 52 
e 21 14.5 50 
1 26 5.3 37 
g 314 8.14 nO 
h 39 11 200 
1 47 11 281 
j 52 11 3148 
520 0.71 1143 5410 	38 
1430 0.68 88 5725 65 
530 0.62 2147 9350 37 
530 0.67 101 0330 82 
1470 0.66 160 114275 90 
5140 0.80 99 9325 94 
530 0.65 92 12370 134 
530 0.60 125 13330 107 
1480 	0.6)4 88 10170 115 
612 350 0.78 
29 550 0.147 12 900 78 
39 750 0.22 1.5 2140 149 
142 560 0.38 3.3 1460 87 
146 560 0.36 3.5 275 79 
86 670 0.28 9.14 730 77 
1114 755 0.24 8.8 1523 174 
121 745 0.31 9.9 15140 155 
116 7140 0.26 9.5 1525 160 
1148 725 0.28 11 1907 1714 
12 540 0.614 7.3 1435 60 
11 530 0.143 5.14 215 4O 
8 540 0.50 14.0 160 39 
8. 555 0.52 4.3 155 37 
11 360 0.93 14.9 205 142 
7 1460 0.146 2.2 110 51 
13 655 0.33 7.3 263 36 
18 850 O.4O 10 510 148 
26 1370 0.27 8.9 1495 56 






































TABLE 6.13: Values of magnetic parameters for 
Pielinen soil and drift samples. 
(Contd.) 
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bulk samples 	 fraction <32 p 
o. Depth 	x/x H 	S 	x 	J J /x H 	S 
p 
rs 	rs 	cr rs rs 	cr 
cm GOe-1  
cm 3 9- 1 pG cm 39 1 Oe Oe 
16a 0 8.2 1614 20 3145 0.71 9.7 311 32 375 0.67 
b 5 8.0 155 19 14145 0.58 8.6 188 22 1455 0.56 
c 11 7.7 136 18 340 0.65 8.1 243 30 380 0.73 
d 18 7.8 85 11 635 0.36 7.8 167 21 1445 0.63 
e 23 8.2 86 10 680 0.37 8.6 129 15 1465 0.55 
f 32 8.9 --300 33 1300 0.19 9.5 1430 145 880 0.13 
g 39 19 11410 74 730 0.145 
18a 0 13 615 45 440 0.59 3.8 1425 111 1440 0.57 
b 13 5 210 39 1490 0.55 16 945 58 360 0.77 
c 18 22 850 39 1445 0.62 73 14210 58 440 0.61 
d 22 414 1805 41 380 0.69 78 5015 64 350 0.73 
e 30 57 2810 149 335 0.75 61 3770 61 340 0.74 
f 38 144 1735 40 190 0.87 82 14530 55 355 0.61 
g 42 40 1620 140 365 0.69 108 5813 54 1455 0.61 
h 52 73 2335 32 370 0.75 162 10960 67 1470 0.65 
± 60 96 14000 42 370 0.66 
Unsieved soils 
No. Depth x /X 	S rs rs cr 
4a 8 46 .910 20 3145 0.73 17a 0 30 1560 52 370 0.51 
b 10 142 1055 25 375 0.714 b 7 23 1500 65 550 0.37 
c 18 73 3400 47 14140 0.68 c 15 18 1500 83 7014 0.30 
d 27 75 14922 66 540 0.59 d 20 16 12145 78 690 0.31 
e 34 85 5222 61 1465 0.71 e 27 12 855 71 690 0.27 
f ItO 84 5655 67 535 0.65 f 33 13 785 60 700 0.24 
g 44 79 5980 76 565 0.59 g 140 12 740 61 720 0.22 
h 51 77 6390 83 515 0.54 h 51 15 735 149 765 0.20 
± 57 75 6120 82 550 0.58 i 65 11 1480 414 700 0.26 
j 64 89 5460 61 140 0.70 j 72 10 1480 48 556 0.29 
14a 4 7.2 405 56 260 0.914 
b 10 3.6 265 74 260 0.94 
c 20 1.3 25 19 225 1.00 
d 27 2.9 10 3.5 265 1.00 
e 34 2.6 9 3.5 270 1.00 
f 43 0.9 18 20 280 0.98 
g .48 0.6 9.5 16 260 1.00 
h 52 1.2 8.2 7 335 1.00 
i 65 5.2 914 18 540 0.56 
TABLE 6.13 contd.. 
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often indicated the presence of haematite. A concentration of magnetite 
in the lake was again necessary to account for the differences in the 
absolute values of J rs 
 and X . 
As seen from figures 6.22b and 6.23 the offset of the fine fraction 
data of the profile samples from the lake sediment data was still large. 
There was evidence of less haematite in these profiles than in those 
dug around Vuokonjarvi to the north. 
6.6.3 Stream sediments 
The main inflow river to the bay had a network of tributaries 
and the sediments of many of these were sampled. A smaller stream 
flowed into the bay from a small lake to the north. 
rs and x data for the bulk samples are plotted in figure 6.24a. 
They all grouped around a diagonal line well to the left of the lake 
sediment data. All the measurements made on bulk and sieved samples 
are presented in table 6.14. 
From the J rs 
 and x diagram the stream data points close to those 
for the lake were 9 and 15, both of which were taken from the main 
stream. When the other data were examined it was found. that J /, rs 
and for 15 S, were too low to fit the lake sediment data. The low 
value of S in 15 was probably due to the fact that the sample was taken 
too near the bank because the river was rather deep. H cr  was corres-
pondingly high at 560 Oe. 
For sample 9 Her was lower than the lake sediment values, presumably 
because the magnetite in the lake was finer grained. 
When sample 15 was sieved, Her of the finest fraction was found 
to be lower than that of the bulk sample (table 6.1 1 ) but although both 
rs and x increased dramatically, there was only a small increase in 
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Sample 	x 	J 	J /x H 	S 	Sample x J J /x H 	S 
-i rs rs 	er rs rs 	cr No. pG Oe No. 
cm 3 9- 1 pG cm39 1 	Oe Oe 
1 bulk 23 4324 31 1435 0.148 13 bulk 20 9140 147 560 0.27 
sieved 
1 8.7 325 36 1380 -0.08 ± 0.2 152 760 350 0.514 
ii 12 6245 54 1460 0.148 ii 1.7 117 69 750 0.15 
iii 17 350 21 46O 0.27 iii 1.1 97 88 865 0.214 
iv 11 350 32 550 0.37 iv 5.6 200 35 855 0.15 
v 18 725. 40 560 0.28 v 14 1478 36 7145 0.22 
vi 52 785 15 190 0.76 vi 2 51 26 7145 0.60 
vii 11 560 50 345 0.62 vii 22 1010 245 360 0.70 
5B bulk 19 385 20 310 0.74 15 bulk 2.2 93 142 560 0.27 
I 32 900 28 230 0.96 iii 16 325 21 240 1.00 
ii 10 275 28 340 0.63 iv 613 350 56 375 0.71 
iii 50 805 16 320 1.00 v 12 500 242 1455 0.59 
iv 11 200 18 270 0.73 vi 32 1170 37 355 0.64 
v 17 2405 24 300 0.62 vii 147 2320 149 360 0.73 
vi 8 223 28 165 1.00 
vii 12 14io 314 330 0.75 19 bulk 15 14140 29 2470 0.35 
8B bulk 22 1530 214 260 0.90 ii 5.3 365 69 170 0.64 
iii 8.2 502 61 260 0.4 
ii 18 1355 75 230 0.87 iv 1)4 1440 32 3140 0.62 
iii 5.5 370 67 350 0.63 v 52 1090 21 290 0.68 
iv 11 2440 140 355 0.60 vi 107 2080 19 275 0.71 
V 98 1905 19 3145 0.62 vii 143 2110 249 265 0.84 
vi 259 3665 14 2115 0.82 
vii 112 2115 50 270 0.814 Unsieved streams 
10B bulk 10 265 27 445 0.53 5A 7 150 21 3140 0.714 
8A 19 5140 29 260 0.81 
iii 1.2 135 119 160 0.95 9 29 925 32 360 0.63 
iv 4.7 1)4 31 685 0.31 1OA 8.2 270 33 370 0.57 
v 9.5 35 36 680 0.27 11 34 93 27 1475 0.248 
vi 15 1480 33 1450 0.56 
vii 12 4245 38 330 0.70 
12 bulk 3.6 118 32 675 0.30 
i 0.2 19 81 320 0.75 
ii ii 480 2414 340 0.64 
iii 2.7 170 62 960 0.03 
iv 2.9 190. 65 785 0.18 
v 7.5 300 ItO 760 0.19 
vi 13 392 31 760 0.20 
vii 10 1405 ItO 1470 0.55 
TABLE 6.114: Values of magnetic parameters for bulk and sieved 
Pielinen stream sediment samples. Fraction notation 
as for Table 6.3. 
126 
of haematite adhering to larger grains of sediment. x and Jrs data 
for the fractions has been plotted in figure 6.24b for comparison with 
the lake data. In this diagram the data point for the fine fraction 
of 15 plots close to the lake sediment results. 
Two stream sediment samples from the main stream were taken at 8 
and both gave similar results although one was taken from near the 
edge and. one from nearer the centre of the stream. The H cr and S 
values provided evidence for magnetite, but not for haematite which 
must have been destroyed during transport. Sieving 8b resulted in 
higher J 5 and x values being obtained for the fine fraction compared 
with the bulk. An increase in Jrs/'>  was also found although not to 
the level found in the lake sediment. 
H cr for stream sediment sample 10 was similar to that found in 
the lake, although S was lower. When sieved high coercivities were 
found to be associated with the intermediate size fractions, the fine 
fraction showing evidence of magnetite with little haematite. Values 
of rs 
 and S were higher in the fine fraction than the bulk sample. 
Samples 11, 12 and 13 were taken from streams which flowed into 
the stream from which 10 was taken. The first two had similar Jrs/X 
values and fairly high coercivities but 13 appeared to have less 
haematite. When sieved the coercivities of the fine fractions, apart 
from that of 12, were too low to match the lake sediment data. Values 
of J rs / 	 cr 
were always low. The H and S data for the fine fractions 
is shown in figure 6.23. 
When streams had been sieved a spread of points was still apparent 
from the J rs' x graph but some of the fine fraction data gave a better 
fit. Values of J 
rs 
 were, however, still low so that, as with other 
lakes investigated, the magnetite was still not as fine within the 
<32 ji fraction as in the lake sediment. 
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6.6.4 Bedrock 
Data from the bedrock samples are listed in table 6.1.5. Her 
values ranged between 1400 and 540 Oe apart from the gneiss D and schist 
E where 11cr 
 was lower. Magnetite was thus the dominant magnetic mineral 
in the rocks. 
6.6.5 Comments 
The bay from which the sediment cores were taken formed only a 
small part of Pielinen. It seems more than likely that currents operate, 
mixing the sediments within the whole lake. The sediments of the bay 
are probably derived from a much larger catchment than the area 
immediately around the bay. This could explain the poorer correlation 
of the Pielinen sediments and stream sediments than for other lake 
basins studied. 
Trends of increasing Jrs/X and S from the drift to the stream 
sediment to the lake sediment were still observed. Haematite became 
less important as the glacial drift was eroded and transported to the 
lake. 
6.7 Kiteenjarvi 
The geology of the area is illustrated in figure 6.25. Much of 
the area is extensively drained as can be seen from the sample location 
map of figure 6.26. The main river enters from the north and smaller 
streams flow into the lake from the north and east. 
6.7.1 Lake sediments 
Results of measurements made on the 19 lake sediment samples 
from core 1 are listed in table 6.16. Her  and S values were similar 
for all the samples, exceptions being the low Her  values found in 
samples 5 to  7. Sample 4 had the highest value of Jrs/X and came from 
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cm3  9- 1 
J 
rs 
pG cm3 61 






RA 142 5062 121 1415 0.81 
RB 7.3 1429 195 1430 0.67 
RC 6.3 666 101 1495 0.71 
RD 2314 13005 144 260 0.914 
RE 98 60314 62 335 0.81 
TABLE 6.15: Values of magnetic parameters for 
Pielinen bedrock samples. 
Sample 	Depth 	x 	J 	 J /x 	H 	S 
No. cm PG 0e1 
rs rs cr 
cm 3  9- 1 	pG cm 3  9- 1 	Oe 	Oe 
1 33 22,7 2592. 113 1i65 0.91 
2 63 21.9 27314 1214 1465 1.00 
3 93 21.1 2303 110 1460 0.90 
14 123 30.7 10500 339 1450 1.00 
5 153 28.0 1701 61 275 1.00 
6 183 27.8 2190 78 270 1.00 
7 213 27.6 2215 79 270 0.98 
8 2143 27.5 2176 81 14140 0.93 
9 273 28.1 2690 96 14140 1.00 
10 303 26.9 3397 126 14140 0.91 
11 333 35.6 3526 98 14140 0.97 
12 363 35.2 3602 103 1430 0.95 
13 393 34.9 3381 97 14145 0.914 
14 1423 36.9 3980 108 1435 0.93 
15 1453 35.5 32140 91 14140 0.90 
16 1483 30.9 27214 88 14140 0.914 
17 513 30.5 2812 91 1460 0.89 
18 5143 35.8 3363 94 )435 0.89 
19 573 39.14 31140 80 14145 0.91 
TABLE 6.16: Values of magnetic parameters for 
Kiteen.jarvi lake sediment samples. 
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near the susceptibility peak. These lake sediment samples showed little 
evidence of any haematite, the moderately high coercivities probably 
being due to the fine grain size of the magnetite. The lowest J rs  and 
X values occurred in samples from the uppermost sediments. 
6.7.2 Soil and drift 
X values measured on samples taken from the soil and drift profiles 
again showed no particular tendency to increase towards the tops of the 
sections as can be seen from figure 6.27. As in the cases of other 
lake catchments changes in x down the profiles were attributable to 
changes in the composition of the drift. 
rs and x data compared with those from the lake sediments are 
shown in figure 6.28a. A two part distribution was found with parts of 
some profiles having much lower J rs 
 values than the rest. Slight overlap 
of the upper group with the lake sediment data points was apparent, but 
only one sample (9f) lay near the upper lake sediments. Data for the 
soil and drift samples are presented in table 6.17. 
Samples taken from 14 were too low in mineralogenic matter for 
measurements to be made. Soil extended to a depth of 15 cm in profile 1 
passing into silt and clay with.higher 1'cr 
 values occurring at depth 
and a steady decrease in Jrs/X  down the profile (table 6.18). When 
the fine fraction of samples from this profile was examined lower 
values of H (and correspondingly higher values of 5) than in the
cr 
bulk samples were found for the basal three samples. Data for the 
sieved samples are plotted in figure 6.28b and 6.29 and listed in table 
6.17. Profile 3 was dug close to 2 and the usual increase in 11 1, with 
depth observed in the bulk samples. When sieved 11cr  became more 
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Figure 6.2-7 	Descriptions of soil and drift profiles 
with susceptibility variations - K fteenjarvi 





























Figure é.28Comparison of irs and X data from a) bulk soil /drift samples 




bulk samples 	 fraction <32p 
No. Depth 	x 	J rs 	rs 	cr 	 rs rs 	cr J •/x H S 	x J J /x 
H 	S 
cm pGOe 
cm 3 g 1 pG cm3 g 1 Oe Oe 
la 0 27 1605 59 350 0.57 20 800 140 340 0.50 
b 9 29 1160 140 3145 0.63 20 660 32 335 0.58 
c 15 31 820 26 265 0.73 140 905 22 245 0.75 
d 20 9.5 166 17 2145 0.88 18 270 16 240 0.714 
e 31 9.0 - 	 92 10 660 0.26 9 70 8 535 0.53 
f 143 7.14 82 11 900 0.14 7 110 17 705 0.26 
g 55 7.7 107 124 890 0.06 7 130 18 660 0.25 
3a 8 2.8 245 87 315 0.73 
b 18 0.2 141 29 360 0.66 2.6 65 24 5140 0.71 
C 28 1.5 37 25 5145 0.143 7.9 55 7 5140 0.56 
d 35 14.5 39 8 555 0.242 7.8 78 10 530 0.514 
e 143 5 , 5 60 11 650 0.32 8.3 115 114 530 0.52 
1 514 5.6 70 12 665 0.24 9.2 130 14 545 0.144 
6a 0 10 615 61 330 0.83 
b 8 17 700 iti 350 0.82 0.5 360 (66) 245 0.14 14 
C 18 36 1840 51 285 0.89 149 3885 '79 320 0.94 
d 28 141 2810 68 340 0.90 50 5640 112 320 0.94 
e 35 37 2400 65 3140 0.82 148 14510 914 335 0.96 
1 43 13 690 514 270 0.90 37 31490 95 340 0.92 
g 54 5 1145 30 1455 0.50 11 1480 142 355 0.80 
h 614 6 125 22 550 .0.140 8 260 33 375 0.75 
lOa 0 15 950 65 1465 0.146 12 1060 87 5145 0.148 
b 10 21 1005 148 1460 0.51 13 1305 101 575 0.144 
C 22 23 1155 51 5145 0.48 
ci 35 37 1625 144 1450 0.55 24  1875 79 570 0.50 
17a 0 19 1120 59 3145 0.82 
b 12 6 90 15 1450 0 • 1414 5.5 125 22 750 0.10 
C 20 0.6 90 12414 380 0.148 2.14 150 62 1445 0.51 
ci 32 4. 60 13 670 0.25 14.9 105 21 550 0.140 
e 38. 3.9 85 22 840 0.12 7.1 155 22 614 5 0.31 
r 1414 6.14 160 25 1200 -0.08 7.5 230 31 930 0.07 
g 53 14.8 175 37 845 0.18 7.24 270 36 880 0.09 
TABLE 6.17: Values of magnetic parameters for 
Kiteenjarvi soil and drift profiles. 
(Contd.) 
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Unsieved soil and drift samples 
No. 	Depth 	x 	J rs 	 rs 	cr J /x H 	S 
cm pGOe 
cm3  9- 1 	pG cm3 s7l 
	Oe 	Oe 
18a 0 12 680 58 550 
b 8 12 690 60 550 
c 20 12 150 61 560 
d 25 17 820 49 345 0.66 
e 38 10 645 63 550 0.50 
r 45 U 690 61 545 0.18 
g 51 21 1550 65 550 0.61 
9a 9 18 905 50 350 0.66 
b 20 15 900 60 365 0.51 
c 28 14 725 52 430 0.55 
d 40 2.9 2140 81 7140 0.23 
e 149 13 1185 91 560 0.142 
r 58 17 2150 126 650 0.1i 
TABLE 6.17 contd. 
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Below the topsoil of profile 6 sandier drift was encountered than 
in the above two profiles. H 
cr  values were lower in 
both the bulk and 
fine fractions with high S values indicating magnetite. The fine 
fraction data matched the lake sediment data fairly well on the x and 
rs plot, although the coercivities were too low. 
Field profile 10 also had sand below the soil but here coercivities 
in the fine fraction were increased above the values found in the bulk 
samples. Although the i rstX values matched those of the lake the S 
values were too low so that haematite was still present. 
The other soil profile from which both bulk and sieved fractions 
were examined was forest profile 17 in which high values of Hcr  were 
measured on samples of the sandy clay found at depth. There was 
visible evidence of iron oxidation in the section consistent with the 
S and H values. Not much improvement resulted from sieving thecr 
samples. 
Results from the other two profiles sampled indicated that haematite 
was present in 9 at depth and in all samples from 18. 
6.7.3 Stream sediments 
There were fewer cases of high Hcr  and low S among the stream 
sediment samples than the profile samples, implying that less haematite 
was present in the stream sediments. 
Sample 2 had lower values of J rs 	cr Ix and H than the lake sediments 
(data in table 6.18) but also a lower value of S. When sieved the 
finest fraction was found to have higher values of S and 
Jrs' 
 and 
also a lower coercivity than the bulk samples. J was increased
rs 
indicating that magnetite was concentrated in the fine fraction. 
The sample taken nearest the mouth of the main river (7) had a 
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2 bulk 3.5 105 30 355 0.:74 11 bulk 5.1 260 51 3140 1.00 
j 5•4 142 26 275 0.82 i 2.0 373 192 185 0.96 
ii 3.4 106 32 1425 0.59 ii 14.0 3112 86 365 0.72 
iii 2.0 81 140 1415 0.59 iii 2.5 231 914 360 0.71 
iv 2.14 101 141 1460 0.53 iv 2.8 280 100 3145 0.67 
v 9.5 303 32 230 1.00 v 19 1190 60 360 0.514 
vi 1.5 50 175 1.00 vi 1.7 112 614 270 1.00 
vii 1.9 1088 57 265 0.90 vii 28 30142 109 265 0.88 
14 bulk 5.2 11414 28 350 0.67  13  bulk 14.3 290 68 430 0.814 
1 21 1680 80 360 0.614 iii 0.1 32 229 335 1.00 
ii 6.7 815 121 175 0.97 iv 2.6 187 73 1435 0.69 
14.14 260 59 1425 0.61 v 1.5 117 76 1430 0.71 
iv 7.5 570 76 360 0.70 vi 5.9 21414 141 230 1.00 
v 7.5 14140 59 370 0.614 vii 9.0 639 71 350 0.93 
vi 8.1 600 714 355 0.66 
vii 9.7 800 82 14o 0.62 15 bulk 13 895 70 630 0.143 
5 bulk 114 io6o 79 350 0.86 1 5 5016 1003 255 0.71 
ii 6.7 6785 1013 150 1.00 
I 9.5 1990 209 270 0.914 iii 10 11437 1144 1410 0.614 
ii 1.5 1990 13145 255 0.914 iv 0.7 8146 1209 1425 0.76 
iii 2.2 970 4146 2145 0.92 v 3.14 2090 623 185 1.00 
iv 2.3 555 2140 3145 0.75 vi 26 1826 71 270 0.73 
v 6.7 1125 169 265 0.86 vii 21 3332 156 6140 0.1414 
vi 12 1350 115 250 0.86 
vii 14 1100 76 365 0.814 19 bulk 8.6 315 37 380 0.70 
7 bulk 20 1612 82 265 0.92 i 25 710 28 275 1.00 
ii 3.0 812 272 1400 0.31 
vii 18 2136 120 1455 0.66 iii 14.0 1406 1014 14145 0.61 
iv 8.2 521 614 370 0.67 
8 bulk 5.2 555 106 550 0.57 v 13 805 63 350 0.614 
vi 32 1043 33 225 1.00 
1 14.4 500 115 260 1.00 vii 19 974 53 370 0.77 
ii 9.8 1690 172 360 0.86 
iii 3.3 3114 96 375 0.78 Unsieved streams 
iv 3.5 161 146 3145 0.39 
v 5.6 219 39 565 0.36 12 21 890 143 1400 0.70 
vi 2.1 2914 1141 275 0.71 16 7.1 1214 17 165 1.00 
vii 11 1480 143 270 0.66 
TABLE 6.18: Values of magnetic parameters for bulk 
and sieved Kiteenjarvi stream sediment 
samples. Fraction notation as for 
Table 6.3. 
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an increase in coercivity to a value corresponding to those of the lake 
found. J 
I•5  /X also matched the lake values, but S was low. When the 
J  rs and < data for all the streams were plotted (figure 6.30) this 
stream was found to give the best fit to the lake data in both the bulk 
and size fraction diagrams. 
From the bulk diagram 5 also matches the lake data. This stream 
was a tributary of the main river and the values for the bulk sample 
and fine fraction were virtually identical. H cr 
 was lower than for the 
lake sediment samples. 
Sample 4 was taken from a stream close to 5 but had a lower value 
of 	in the bulk sample although Jrs/X  was increased in the finers 
fraction, resulting in a better correlation with the lake sediment data. 
The coercivity was also similar but S was still low. 
Sample 15 contained haematite but by contrast 16 had a low coercivity 
and evidence of much magnetite. The stream from which sample 16 was 
taken drains a small lake and provides yet more evidence of the magnetite 
concentration process which seems to occur in lakes. When 15 was sieved 
measurements of J and x on the fine fraction provided a better fit tors 
the lake sediment data. 
After sieving sample 19, Jrs"> was found to have increased from 
the bulk sample value in the fine fraction, and a slight increase in 
S had also occurred. The highest values of i rs /X occurred in fractions 
of grain size 250-500 p and 125-250 P. 
The rest of the streams sampled were part of the eastern drainage 
system. Values from 13 matched the lake data fairly well apart from 
the fact that J' / was too low. After sieving, Jrs/X  was increased 
only slightly in the fine fraction and Her  was found to be lower than 
in the bulk sample. The sample taken at 12 also had a low value of 
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but seemed to have magnetite as the main magnetic component. 
Sample 8 had a high Js/X  value for the bulk sample but high 
values were found to be associated with the intermediate sieved frac-
tions, not the finest one although there was a slight increase in S 
in the finest fraction. 11, however, had a high value of 	 in thers 
fine fraction and a high proportion of magnetite in the sample was 
evident. 
From figure 6.29 showing the S and Hcr  data the general decrease 
in the amount of haematite present in the stream sediments compared 
with the soil and drift profiles is evident, although 11r  values do 
not agree well with the lake sediment values. The magnetite/haematite 
ratio in the streams was therefore not yet high enough. 
6.7.4 Bedrock 
Bedrock data is presented in table 6.19 from which it can be seen 
that both J rs / 	cr 
and H values are high and that S could indicate the 
presence of some haematite. 
6.7.5 Comments 
The glacial drift appeared to be responsible for the detritus 
entering the lake and provided the source of the magnetic minerals. 
Haematite, initially present in the drift, was removed during the 
erosion process, as illustrated by the S and H data of figure 6.2 cr 
Magnetite was concentrated in the fine fraction of the stream 
sediments. The magnetic properties of the main river system and its 
tributaries matched those of the lake fairly well. Results from some 
of the other stream sediments, e.g. those draining into Paateenlahti, 
where a good match was not achieved, probably reflect the lesser 
importance of these streams as sources of detritus for the deep part 
of the lake. 
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Sample 	x 	 J 	 J /x 	H 	S 
No. iiG 0e1 
rs rs cr 
cm3  9— 1 	pG cm3 g 1 	Oe 	Oe 
RA 	 3.2 	 1850 	 586 	535 	0.65 
RB 	 11 	 1231 	 112 	550 	0.55 
TABLE 6.19: Values of magnetic parameters for 
Kiteenjarvi bedrock samples. 
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6.8 Chemical analyses 
Mackereth (1966) used the chemistry of lake sediments to determine 
the degree of erosion in the catchment area at the time of sediment 
deposition. If erosion is rapid there is not enough time for leaching 
of surface deposits to occur and consequently the lake sediments are 
enriched in elements such as sodium, potassium, calcium and magnesium. 
Varying rates of erosion might also be expected to affect the magnetic 
mineralogy of the sediments. Some evidence has been put forward 
connecting magnetic susceptibility in lake sediments with erosion rates. 
Thompson et al. (1975) found that in the Lough Neagh sediments pericds 
of increased erosion from the catchment area as defined by pollen 
changes in the lake sediment were marked by low carbon content and high 
susceptibility in the lake sediments. 
Chemical analyses using X-ray fluorescence were carried out on 
sediment samples from Paajarvi, Vuokonjarvi and Kiteenjarvi to find 
whether any correlation with the magnetic properties of the sediment 
existed. 
An overall increase in mineralogenic content with depth was found 
with no major deviations from the general trend. The ratios of each 
element to A 203 were calculated (table 6.20). In each of the cores 
the ratios of Fe103 and K 2  0 to A120 3 were fairly constant with depth 
although there was a peak in the Fe 203 /Al 20 3 ratio in sample 5 from 
Paajarvi. This coincided with very slightly lower x values in the core. 
A low in all the ratios occurred in the Vuokonjarvi core sample 5 but 
this did not correlate with any x change in the core. 
One of the samples used was taken from the high x band in the 
Kiteenjarvi core. This had higher proportions of iron, and aluminium 
and lover proportions of the other elements than samples taken from 
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No. Depth cm CaO 1(20 Fe203 Ti02 S102 p20 5 MgO 
Vuokonj arvi 
1 75 0.122 0.175  0.5142 0.053 5.00 0.036 0.197 
2 137 0.125 0.193 0.5146 0.050 14.91 0.025 0.182 
3 205 0.1149 0.215 0.5145 0.052 14.23 0.013 0.212 
4 277 0.168 0.280 0.676 0.058 14.39 0.020 0.260 
5 3146 0.153 0.201 0.587 0.053 3.86 o.o16 0.217 
6 4214 0.178 0.221 0.569 0.055 14.07 0.019 0.209 
7 501 0.1149 0.1149 0.566 0.056 3.146 0.015 0.262 
8 581 0.155 0.217  0.583 0.058 3.614 0.0114 0.2147 
Paaj arvi 
1 53 0.131 0.195 0.9814 0.055 6.25 0.050 0.191 
2 122 0.136 0.200 0.991 0.056 5.14 0.068 0.155 
3 19C5 0.130 0.195 0.788 0.051 5.23 0.0141 0.135 
14 265 0.137 0.203 0.688 0.049 5.06 0.021 0.173 
5 336 0.1142 0.210 1.220 0.05 14 14.014 0.061 o.614 
6 405 0.139 0.219 0 .971 0.052 14.27 o.o6 0.203 
7 477 o.1146 0.2 141 1.070  0.052 14.11 0.036 0.211 
8 5148 0.160 0.272 0.730 o.o6i 14.01 0.019 0.263 
Kit eenj arvi 
1 84 0.173 0.083 0.79 0.056 5.68 0.198 
2 129 0.133 0.031 1.38 0.015 3.85 0.057 
3 1146 0.193 0.083 1.20 0.052 7.50 0.211 
14 213 0.193 0.080 1.09 0.051 6.80 0.1146 
5 269 0.188 0.080 1.09 0.038 7.37 0.179 
6 336 0.187 0.079 1.11 0.097 7.57 0.187 
7 392 0.189 0.083 1.07 0.038 5.98 0.215 
8 1456 0.205 0.100 1.05 0.055 4.85 0.211 
9 522 0.180 0.065 1.38 0.037 5.614 0.277 
TABLE 6.20: XRF chemical analyses results, 
normalized with respect to A1203. 
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above and below. Unlike the Lough Neagh sediments (Thompson et al., 
1975) the high x of the band was not connected with a low organic content. 
Comparisons of the different lake sediment results showed that the 
Kiteenjarvi sediments had higher Fe 20 3 /Al 203 values than the other 
sediments. 
The chemical analyses did not provide a means of estimating relative 
erosion rates since absolute values indicated only an increase in mineral-
ogenic matter with depth and ratios of elements to A1 203 were fairly 
constant. 
6.9 PRRM experiments 
An investigation into the ability of wet soil and stream sediment 
samples to acquire a PRRM was carried out. Samples from all the catch-
ment areas studied were used. A field of 2 Oe was chosen. The purpose 
of the experiments was to compare the behaviour of the stream sediment 
and drift samples with the behaviour of the lake sediments as described 
in chapter 5. 
6.9.1 	Paa.jarvi 
Samples of the fine fraction (<32 p) from some Paajarvi streams 
and soils were mixed with water and put into cubic sample holders. As 
in the case of the lake sediment samples, it was found that the amount 
of water added was critical if the water was to be prevented from 
separating out again. After measurement of any initial remanence the 
samples were left in damp condition in a field of 2 Oe for a period of 
approximately 100 h. Measurements were made at intervals throughout 
this time. Results are plotted in figure 6.31. 
Large remanences were grown in stream samples 141b, LW and )4Ga over 
the experiment time. A large remanence was very quickly acquired by 
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Figure 6.31 PPRM grown in soil/drift samples and stream sediment samples from the Paajarvi catchment. 
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141b and the maximum intensity was 2000 PG. Results of measurements 
already made on the dry sediment of sample 141b indicated a high magnetite/ 
haematite ratio, with for example an S value of 1.0. The remanence 
grown in ltGa was 370 VG but the other stream sediment sample (I-iD) 
acquired a PPRM of only 13 pG. Evidence from the dry sediment measure-
ments suggested that a significant amount of haematite was present in 
the magnetic fraction since S was 0.29. 
When the samples were allowed to dry in the magnetic field and 
were then progressively demagnetized it was found that the remanences 
had mdfs of 300-1400 Oe, implying that magnetite was responsible for the 
PRRM. These values were greater than the mdf of 100 Oe found when a 
sample of the uppermost lake sediment was dried and treated in the same 
way. 
Samples of the soil and drift fine fractions were also investigated 
but did not acquire remanences of the magnitudes found in stream sediment 
samples 141b and 14Ga. The largest remanence was found in lla, the top-
most sample from a field profile. Sample 2g gave scattered results 
because of the low magnetization grown. When these samples were dried 
in the field so as to fix the grains in place and subsequently demagnet-
ized the highest mdf was found for the PRRM carried by 59 (800 Oe). 
This sample had been chosen for study because of its high Her  value of 
900 Oe which indicated haematite. Soils 2g and ila had mdfs of 190 
and 200 Oe respectively. Some haematite seems to have carried the 
remanence in 59, perhaps as a hard VRM in fine grains (Biquand and 
Prvot, 1971). 
6.9.2 	Ormajarvi 
Two soil samples from Ormajarvi were investigated: samples 13e 
and 12d. Rernanences of 14 and 45 pG respectively were acquired by these 
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Figure 6. 32 PR RM grown in soil/drift samples from the Ormajarvi and 
Pielinen catchments 
l'l 
samples over the duration of the experiment (figure 6.32). When dried 
and demagnetized the mdfs were 800 and 200 Oe. H cr 
 had been found to 
be higher for 13e than for 12d and again l3e had a higher mdf than would 
be expected if magnetite alone carried the remanence. It is possible 
that small needle-shaped magnetite crystals were responsible for the 
reiience but more likely that haematite was responsible for part of 
the remanence. 
6.9.3 Pielinen 
The PRRM acquisition of one wet soil sample (16a) was investi-
gated and the result shown in figure 6.32. The sample grew a remanence 
of 11 iG and on demagnetization the remanence was found to have a mdf 
of 150  Oe, indicating that magnetite in the coarser grain size range 
of the fine fraction was involved. 1cr for the dry sample had been 
375 Oe. 
6.9.4 	Vuokonjarvi 
Two fine fraction samples of stream sediments and two soil or 
drift samples were selected for investigation on the basis of the 
differences in H. cr 
The stream samples used were fine fractions from 6 and 7. 6 had 
a coercivity of 1290 Oe and 7 had a coercivity of 390 Oe. The PHRMs 
grown in these samples were low as can be seen from figure 6.33. When 
dried and demagnetized the mdf of the remanence carried by 6 was greater 
than 800 Oe and a mdf of 230 Oe was found for sample 7. Magnetite was 
certainly present in 7 but in 6 the remanence grown may have been 
partly due to a hard viscosity in fine haematite grains (Biquand and 
Prvot, 1971). Stream 6 was unlikely to be an important sediment 
contributor to the lake as it enters a smaller lake from which the out- 
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Figure 633 	PRRM grown in samples of soil/drift and stream sediment from 
the Vuokonjarvi catchment 
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flow (21) had H cr 
 and S values which indicated magnetite. The fine 
fraction from stream sample 21 was then investigated in the same way 
(figure 6.44) and the remanence found to have a mdf of 240 Oe. Both 
this and the md.f found for 7 were lower than the mdf found for the NRM 
of the natural lake sediments. When an artificially mixed sample of 
lake sediment was given a PRRM in 2 Oe, dried and demagnetized, it was 
found to have a mdf of 235 Oe which was in good agreement with the 
results for streams 7 and 21. The agreement illustrates the similarity 
in magnetic content between the samples. 
The fine fractions of soils lOb, with. a H cr 
 value of 16300e, and 
22c, with a coercivity of 620 Oe, were also investigated in the same 
way. Data for lOb were very scattered, the maximum intensity being 
just under 10 pG, but sample 22c gained 90 pG over the same time interval. 
After drying and demagnetizing mdf values were found to be 340 Oe and 
500 Oe for 22c and lOb respectively. Both samples thus contained 
magnetite capable of acquiring a PRRM. 
An experiment to check the effect of pure VRM in the drift samples 
was also carried out. Dry material was mixed with dental cement and 
the samples were left in a 2 Oe field. Over 50 h the wet sample from 
22c gained 11 times the remanence of the cemented sample so that VRM 
contributed less than io% of the remanence measured on wet samples. 
6.9.5 	Kiteenjarvi 
Fine fractions from stream samples 7 and 5 were used. Sample 7 
acquired 480 pG in 100 h and 5h 60 pG over the same time interval 
(figure 6.3)4). When dried and demagnetized they had mdf values of 
150 Oe and 250 Oe respectively. 
Soil samples 17e  and 6c were also investigated and 6c found to 
grow a remanence of about 190 pG which on drying and demagnetizing 
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Figure 6.34 PRRM grown in stream sediment and soil/drift samples 
from Kiteenjarvi catchment 
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gave a nidf of 240 Oe. 17e acquired less remanence, having had the 
higher H 
c 
  for the dry sample but the mdf is not known as an ARM was 
- 
induced at an early stage in demagnetization. 
6.10 Discussion 
Variations in magnetic properties found between the different 
materials of the drainage areas followed similar trends in all the 
catchments studied. The source of the magnetic minerals in the lake 
sediments was found to be the glacial drift. 
High values of susceptibility were encountered at the tops of only 
a few profiles and topsoil was not thought to be a major contributor 
of magnetic minerals to the Finnish lake sediments. If magnetite is 
being produced in the topsoil the process in most cases does not keep 
pace with erosion. Samples from the higher parts of the profiles were 
found to have lower values of H and higher values of S but the highercr 
- 
	
	magnetite/haematite ratio was due to the fact that the upper samples 
contained less haer:atite rather than moTe agnetite. 
Little bedrock was exoosed and it was not thought to be a major 
contributor to the detritus carried into the lakes. Some of the glacial 
drift may have been derived from the local rocks. 
Haematite was formed by oxidation in the deeper parts of the 
profiles. it was removed during erosion and transport of the glacial 
drift. The decreasing effect of haematite on the magnetic properties 
of the different sample types is well illustrated by the Hcr  and S 
diagrams (figures 6.8, 6.12, 6.18, 6.23, 6.29). Although a relationship 
between 11cr  and S was to be expected, the nature of the relationship 
was found to change. S values increased for any particular H from 
cr 
drift to stream sediment to lake sediment. The change is due to a 
higher magnetite/haematite ratio in the lake sediment than in the stream 
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sediments which, in turn, have higher ratios than do the drift samples. 
Only in the shallower sediments of Vuokonjarvi and in the Ormajarvi 
sediments were the effects of haematite observed. From the S, H Cr 
diagrams it can be seen that the Ormajarvi lake sediment data points 
(figure 6.12) occupy a different area of the diagram from the area in 
which the other lake sediment data points lie. This is due to the 
haematite in the Ormajarvi sediments. 
The similarity of part of the magnetic mineralogy of the lake 
sediment, stream sediment and drift samples is illustrated by the PRRM 
experiments for which, in some cases at least, similar mdfs were obtained 
for the three types of sample. 
A higher proportion of magnetite was found to be present in the 
fine fraction of the stream sediments than in the bulk samples. A 
decrease in grain size and increase in concentration of' magnetite was 
found to take place as the drift was eroded into the streams and thence 
into the lakes. These trends are shown in the log plots of Jrs 
 and X . 
It is likely that during the period of maximum input to the lake, at 
the time of the spring thaw, much fine material is carried in suspension. 
The true sediment input from each stream may thus have a higher propor-
tion of fine material than the bedload sampled. The bulk of the lake 
sediments were finer than 20 pm. Once in the lake the finest material 
will travel furthest and, since this has the highest proportion of 
magnetite, a concentration of magnetite in the lake sediments results. 
The finest grains will be carried out to the central parts of the 
lakes to be deposited. Such grain-size sorting accounts for the higher 
J rs /x 
values obtained for the lake sediment than for the fine fraction 
of the stream sediment samples since the latter had a lower proportion 
of the finest magnetite grains. In this context it would be interesting 
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to examine the magnetic properties of lake sediment from marginal areas 
of the lakes which would be expected to be similar to those of the 
stream sediments. 	It might be possible to trace the changes in magnetic 
properties from the shallow to the deep parts of any particular lake. 
Within the small lakes in the catchment areas of the main lakes 
studied concentration of magnetite was also occurring. Samples of 
sediment from the outflow streams had higher values of S and lower 
values of H than the samples taken from the inflow streams. As the 
Cr 
distance from the small lakes increased the H cr values increased and 
S decreased due to the influence of haematite from eroded bank material. 
It is interesting to compare the magnetic results from the different 
catchment areas. 	In figure 6.35 the J rs and X measurements made on 
lake sediment and the fine fractions of the stream sediment, soil and 
drift samples are summarised in a diagrammatic form. The Pielinen 
lake sediment samples can be seen to lie in a different position 
from the other lake sediment samples as the Pielinen samples had 
higher values of both J rs and  implying that greater quantities of 
fine grained magnetite were present. 
	This may be due to a higher 
degree of sorting in the large lake. 
	Figure 6.35 shows the trend of 
increasing concentration of fine grained magnetite from the soil and 
drift samples through to the stream sediments and then into the lake 
sediment found in all the catchments studied. 
From the Hcr , S diagrams (figures 6.8, 6.12, 6.18, 6.23, 6.29) 
it can be seen that although the stream, soil and drift sample 
values from all the catchments fall in the same range , , the lake 
sediment sample values differ from set to set. The lowest values of 
S were found to be those of the uppermost Vuokonjarvi samples. 
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Figure 6.35 Diagrammatic comparisons of magnetic measurements 
made on samples of different types from the 
catchment areas studied. 
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made on the Ormajarvi sediments, for which S was about 0.75, produced 
higher results. Values of S were also low for the Pielinen sediments 
at about 0.7. 
The highest S values occurred in the Paajarvi and Kiteenjarvi 
sediments. The samples from these two lakes both had similar H cr values 
(150 Oe) and similar J rs' ratios but the mdfs of the NBN were different 
being higher in the Paajarvi sediments (70-560 Oe) than the Kiteenjarvi 
sediments (320-430 Oe). 	The secular variation record carried by the 
Paajarvi sediments was of greater amplitude than that of the Kiteenjarvi 
sediments with swings in the declination and inclination records being 
more easily detected. Both lakes also had organic sediments. From 
this comparison it appears that sediments with similar bulk magnetic 
properties will not necessarily behave in the same way when acquiring 
an NRN. 
In conclusion, the main points arising from the work described in 
this chapter can be summarised as follows. 
The magnetic minerals of the lake sedimentsare derived from the 
glacial drift of the catchment areas. 
Development of magnetic minerals in topsoil does not seem to be 
an important process in the supply of magnetic minerals to the Finnish 
lake sediments studied. 
The proportion of magnetite is greater in the fine fraction of 
the stream sediments than in the bulk samples. As the fine material 
travels furthest in the lake, the lake sediment effectively has a 
concentration of magnetite. 
14 • 	Haematite is present as a secondary mineral in the glacial drift 
but is destroyed during erosion and transport of detritus by the streams 
to the lakes. 
11(1 
CHAPTER SEVEN 
Discussion and conclusions 
The research described in this thesis was undertaken in order to 
obtain geomagnetic secular variation data from Finland and to investi-
gate in some detail the acquisition mechanism and carriers of the NRM 
in the lake sediments studied. Lake sediments provide an unequalled 
opportunity of obtaining continuous records of geomagnetic secular 
variation over Recent times. Building up a collection of such data 
from different parts of the world means that information about how the 
magnetic field has varied in space as well as time can be assembled. 
7.1 Secular variation 
Various problems are associated with the interpretation of the 
manetic data. If variations in the measured magnetic declination 
and inclination are to be regarded as true reflections of geomagnetic 
behaviour, correlations between records from the cores of any one lake 
must be possible. The susceptibility and intensity records are very 
useful in this respect as they provide independent means of matching 
cores from the sane lake. Changes in these logs are usually much 
more well defined than changes in the declination and inclination logs 
so that correlation between cores is easier. An example of the use 
of the susceptibility measurements is in matching the sediment cores 
from Kiteenjarvi. The declination records of cores 1 and 2 were very 
difficult to correlate because of the core twisting which took place 
during the collection of core 2. The susceptibility records enabled 
a good correlation to be made between the cores. 
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The sediments collected may also not be continuous sequences and 
the stratigraphy may vary laterally even over the short distances 
iIved in coring the same site in a lake. Stratigraphic discontinuities 
jj any one lake can be confirmed by using all the magnetic records 
together. In this way gaps in the stratigraphy were detected between 
f1ié two Vuokonjarvi cores and between cores 3 and 14 from Paajarvi. 
Suéh differences emphasise the need to collect at least two cores from 
y one lake. 
Measured variations in declination and inclination are not always 
due to geomagnetic fluctuations but may be related to sedimentological 
ange5 or to some difference in the NHN acquisition process. Scattered 
&irectional data were obtained from the Ormajarvi sediment cores and 
t a depth of ".'14 m in core 1 an abrupt decrease in inclination values 
ias observed. At the same point in the core the NRM intensity values 
alsO decreased but susceptibility values were constant so that the 
magnetic mineral content was similar throughout the core. The decrease 
in inclination was evidently not due to a change in the geomagnetic 
field and was more likely to have been due to disturbance of the lower-
ibst sediments at some time. Large amplitude swings were seen in the 
jnOlinatiOfl record from the upper part of Pielinen core 2 which were 
1t considered to be due to real geomagnetic fluctuations. 
If secular variation curves are to be defined from measurements 
adè on lake sediments, accurate dates for the sediments are required. 
ptObiems arise when attempts are made to estimate the age of the 
deposits. Estimates of the ages of samples of the Finnish sediments 
sng radiocarbon were meaningless, being too great in the case of 
the Vuokonjarvi sediments and too low for the Paajarvi sediments. 
pollen analysis of sediment provided much more reliable dates. Although 
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this method also depends on radiocarbon ages the estimates are made on 
materials with a much higher organic content, such as peat, from which 
there is a better chance of obtaining good dates. 
When sediment ages are available correlation of inclination and 
declination records between lakes may still not be straightforward. 
Differences in deposition rates between lakes mean that the character 
of the records may be different, minor fluctuations for instance being 
smoothed out of cores from a lake with a slow sedimentation rate. 
Without dates it is difficult to make correlations with any degree of 
confidence as the data is often so scattered. The use of palaeomagnetic 
records themselves as a dating method is limited in most cases. 
It has been possible to correlate the magnetic records from the 
Vuokonjarvi and Paajarvi sediments and to propose a more tentative 
correlation with the Kiteenjarvi records, no reliable dates being 
available for the latter sediments. The lengths of some cycles detected 
in the records were estimated to be of the order of 2000 y. It was 
not possible to detect repeatable periodicities. The cycle lengths 
obtained were less than the 2700 y period found from the Windermere 
declination record (Nackereth, 1971). It is perhaps unrealistic to 
expect a repeatable period in magnetic secular variation made up of 
contributions from a number of magnetohydrodynaniic current sources. 
Due to sediment disturbance good directional records were not obtained 
from the upper parts of cores. 
7.2 Remanence carriers 
The NRM carried by the Finnish lake sediments was stable during 
demagnetization in peak AFs of up to at least 500 Oe. Mdfs were 
generally in the range 300- 1100 Oe. 
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From various remanence investigations the NRM carrier can be 
identified and information on the bulk magnetic fraction of the lake 
sediments obtained. In the case of the Finnish sediments magnetite 
carried the NRM and dominated the magnetic properties of the sediments. 
Haematite was, however, present in the upper sediments of the Vuokonjarvi 
cores and in the Ormajarvi sediments. Low temperature demagnetization 
initially seemed to indicate that haematite was responsible for part 
of the NRM carried by all the sediments. Further work using dry samples 
showed that the apparent magnetic transition was in fact due to the 
growth of ice crystals which randomized fine magnetite grains carrying 
the NRM. This explanation can also more simply account for the NPJ1 
decrease seen at -10
0C in the Windermere sediments which had originally 
been attributed to the Morin transition in haematite (Creer et al., 
1972). 
In sediments with the same bulk magnetic properties (J 5 , H, x) 
the mdfs of the NRM were not necessarily similar. The sediments of 
Kiteenjarvi and Paajarvi had similar bulk magnetic properties but the 
mdf of the NRM carried by the Paajarvi sediments was 100 Oe greater 
than that of the NRM carried by the Kiteenjarvi sediments. This 
difference must thus have been due to the NRM acquisition process 
which apparently depends on other factors in addition to the bulk 
magnetic mineralogy. 
Post-depositional rotation of magnetic grains appears to be the 
major method of NRM acquisition in lake sediments. It has also been 
found to be important in deep sea sediments (Kent, 1973; Lovlie, 1971 ). 
A number of experiments to investigate grain rotation in lake sediments 
were carried out. Drying sediment samples from the natural state 
resulted in a decrease in the NRM intensity which was proportional to 
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the weight loss. The decrease in intensity was due to the fact that 
strains were set up within the sediment as the water was lost resulting 
in some of the fine magnetite grains which were carrying the NflM being 
moved out of their initial alignment into random positions. Both 
drying and cooling thus involved randomization of small grains due to 
a change in their physical environment. 
flemanences could be grown in natural sediment samples in low 
magnetic fields without affecting the NRM. The PREMs grown were only 
stabilized when the samples were dried in the applied field and the 
remanences acquired had lower mdfs than the NRM. The experiments 
showed that grain rotation was able to occur even when the sediment 
had a stable NRM indicating that some fine magnetite grains were not 
carrying the NRM and were not fixed in place. 
The stabilizing of grains in place is thus an interesting problem. 
If has been suggested (Verosub, 1977) that dewatering of the sediment 
to some critical level is the method by which this takes place. The 
Finnish lake sediments, however, had high water contents which decreased 
little with depth and stable remanences in the upper parts of the cores. 
When reconstituting dry sediments with water it was never possible to 
attain water contents as high as those found in the natural samples 
and maintain cohesiveness. It is thought that gels form near the 
sediment-water interface and that these play an important part in the 
stabilizing of magnetic grains in the natural sediments. Such gels 
could contain much water in their structures. 
The extent to which magnetic grains are bound into the sediment 
can he judged from the PRRM experiment results for the different lake 
sediments. The different mdfs of the NRN carried by the Kiteenjarvi 
and Paajarvi sediments would seem to be due to the fact that fine 
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grains are more firmly locked into the Paajarvi sediments and carry 
the NRM. The declination and inclination records for the Kiteenjarvi 
sediments do appear to have a greater degree of smoothing due, perhaps, 
to grains being able to rotate for longer periods than was the case 
for the Paajarvi samples. 
The NRM of the basal Vuokonjarvi clays had a lower mdf than the 
NRM of the more organic sediments, indicating that more coarse grained 
magnetite was responsible for the NRM in the lower sediments. Other 
evidence, from IRM measurements, indicated that a greater proportion 
of fine nagnetite grains was present in the lower part of the core. 
This apparent conflict can be resolved if it is assumed that gels are 
present in the upper, more organic sediment but not in the clays. In 
the denser clays grain rotation at the sediment-water interface will 
initially have occurred but during the dewatering process the net 
reflianence of the fine grains will have been randomized. A greater 
proportion of coarse grains will thus be actually carrying the NRM in 
the clays even though the total magnetic fraction has a higher propor-
tion of fine grains than that of the upper sediments. In the upper 
sediments fine grains carrying the NRM will have been locked in 
position by the gel formation. 
In view of the importance of the growth of gels in fixing the 
NRM into lake sediments it seems unlikely that laboratory redeposition 
experiments can recreate a natural situation, especially if sediment 
is dried prior to redeposition. The only fixing mechanism operating 
under such conditions will be sediment dewatering which will result 
in different grains being finally responsible for the remanerice. The 
chanes of obtaining palaeointensities by redepositional methods seem 
slim. 
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The length of time taken to accjuire a stable NRM must be fairly 
short since the uppermost sediments of cores have stable remanences. 
An estimate of the order of decades would thus seem reasonable. 
7.3 Magnetic mineral source 
It is also interesting to consider the source of the magnetic 
grains in the sediment. 	Chemical growth within the lakes is thought 
unlikely. Under intense reducing conditions it is more likely that 
iron sulphide would be formed than magnetite. Haematite is stable in 
the uppermost Vuokonjarvi sediments which precludes magnetite growth 
at least in these sediments. There was little topsoil present in the 
catchment areas and it is not thought that pedogenic magnetite produc-
tion contributes significantly to the magnetic content of the Finnish 
sediments. 
Values of J rs' 	r. x and J ,/x were all higher in the lake sediments 
than in the catchment samples. This can be explained in terms of a 
concentration of magnetite in the fine sediment of the deep parts of 
the lakes from which the cores were collected. The finer fraction of 
the stream sediment generally had the highest values of J and x andrs 
the fine material will travel furthest in the lake producing the 
concentration effect. The coarser material carried down the streams 
is presumably deposited close to the stream mouths. An examination 
of marginal cores should reveal magnetic properties intermediate 
between those of the stream sediment and lake sediment.. 
Haematite was present in the glacial deposits where it had 
developed as a secondary mineral, often adhering to the coarser grains 
of the till. It was removed during the transport of detritus to the 
lake. The source of the magnetite in the lake sediments was found to 
be the glacial deposits in the catchment areas. 
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An unresolved problem is why variations in susceptibility, indic-
ative of changing proportions of magnetite in the sediment, should 
occur down a core. From pollen analysis peaks are associated with 
increased erosion in the catchment area but the source of the sediment 
presumably remains the same. Such susceptibility variations were seen 
in the Lough Neagh sediments (Thompson et al., 1975) and peaks occurred 
in the records from Kiteenjarvi. Pedogenic magnetite production 
occurring in the topsoils of the catchment (e.g. Mullins, 1977) cannot 
explain them as the topsoil would be eroded at an early stage so that 
the increased erosion would affect the lower susceptibility subsoil 
which would not produce peaks in the sediment log. 
It would be interesting to compare the magnetic studies on the 
Finnish catchments with studies made on lake drainage basins with 
other bedrock types and surface deposits. If no glacial till were 
present the soil and bedrock would have a greater effect on the lake 
sediment composition than is the case with the Finnish lakes. 
7.4 Conclusions 
It is possible to summarize the main conclusions of the work on 
Finnish lake sediments as follows. 
The sediments carry a stable NRM and a secular variation record 
for the last 9500 Y. Secular variation data for the most recent time 
is lacking due to disturbance of the upper sediments during coring. 
Fine grained magnetite carries the NRM. 
The NRM is acquired by magnetite grains rotating into the ambient 
field direction after deposition of the sediment. Grains become fixed 
in place partly by sediment dewatering but mainly by the formation of 
gels in the sediment. Altering the physical equilibrium of the grains 
results in a loss of NRM. 
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14. 	The magnetic minerals in the sediment are derived from the glacial 
deposits of the catchment areas. A concentration of magnetite in the 
fine grained lake sediments results from grain sorting during transport 
in the streams and during deposition in the lakes. 
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CHAPTER EIGHT 
Paiaeomagnetic investigations of some British cave sediments 
6.1 Introduction 
Records of secular variation from lake sediments in N. Europe are 
confined to Recent times but cave sediments could provide a method of 
extending the records further back in time. Cave sediments can be 
deposited during glacial epochs from subterranean waters derived from 
the overlying ice. Such deposits can then remain undisturbed. 
Sediments in caves have been divided horizontally into entrance 
and interior fades (Kukla and L-ozek, 1951) the latter being deposited 
where weathering cannot affect them. Both facies can either be auto-
chthonous as in the case of the deposition of insoluble limestone 
residues or allochthonous, for examnie windblown sand. 
Although detritus can collect beneath chimneys connecting the 
interior of a cave to the surface, the majority of the interior sediments 
is deposited by water. -Subterranean streams can become dammed by roof 
fails producing a quieter environment of sedimentation. These sediments 
can then be used in pa1aeomaetic studies as they have not been affected 
by currents. A fluctuating detrital input gives rise to laminated 
sediments. 
Difficulties are encountered in the dating of cave sediments. 
Little or no organic material is present in the interior facies so that 
neither radiocarbon dating nor pollen analysis can be used. It is some- 
times possible to estimate the age of entrance deposits using palaeontology 
or archaeology. Stalagmites can be dated using the uranium—thorium 
method and dates obtained in this way provide limits for the time of 
sediment deposition. Using this type of age control palaeomagnetism 
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could aid the dating of cave sediments, if for instance reversely 
magnetized sediments were found. Secular variation records from cave 
sediments laid down in Holocene times could possibly be correlated 
with records from lake sediments, although this method is subject to 
the same limitations as cause difficulty in correlating lake sediments 
themselves. 
Palaeomagnetic measurements have not been extensively carried out 
on cave sediments. A study of the sediments of three caves in the 
Mediterranean area has been made (Creer and Kopper, 197 6 ). Oscillations 
in the inclination record from one of these caves have been correlated 
with those found in a sediment core from the Black Sea (Creer, 1974) 
although this correlation was only tentative. An excursion was 
detected in the record from another of the caves and from archaeological 
evidence was thought to have occurred at some time between 100,000 and 
1O,OOO y BP. 
The following sections describe palaeomagnetic investigations 
carried out on the sediments of two British caves. 
8.2 Sand Cavern 
Sand Cavern is part of the Gaping Gill cave system of N. Yorkshire 
which is situated on the slopes of Ingleborough as shown in figure 8.1. 
The main entrance to the cave system is Gaping Gill itself, a pothole 
which widens into the Main Mhamber 110 m below the surface. Sand 
Cavern lies SW of the Main Chamber and is reached by a series of old 
stream passages. At the southern end of the cavern is a cliff of 
laminated sand and clay overlying stiff brown clay which forms the 
floor of the cavern. The laminated sediments are topped by a further 
30 cm of clay. Laminations in the 2 m section are horizontally lying 
and there is little evidence of any disturbance other than some micro- 
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Figure 8.1 Locations of caves. 
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faulting. Sand predominates in the upper 15 cm of the section where 
it is fairly coarse. Beneath this there is an overall thinning of 
individual layers with depth in the section and the sand becomes finer. 
The thickness of the laminations varies between less than 0.5 mm and 
about 1 cm. 
The aim of the palaeomagnetic study of the sediments was to try 
to date them and to thereby provide information useful in investigations 
into the development of the cave system. The clay beneath the laminated 
section had an NRM intensity of less than 1 VG and was not sampled. 
Three vertical profiles of the laminated section were sampled 
using the same cylindrical and cubic plastic sample holders as were 
used for the lake sediments. The profiles were about 15 cm apart. 
Sample holders were simply pushed into the vertical sediment face and 
aligned parallel to a plumbline. The depth of each sample was measured 
from a datum line at the top of the section and the strike of the face 
was noted so that declination measurements could be related to true 
north. 
NRM and x measurements were made on all the samples. Results for 
the three sets of samples, plotted against depth, are shown in figure 
8.2. 
Variations in x and NRIVI intensity between adjacent samples can be 
attributed to differing amounts of sand and clay in each sample as the 
two lithologies will have different magnetic mineralogies. The values 
of both X and intensity are in any case low. 
The average inclination of 514 for the section was lower than the 
value of 700  expected from an axially geocentric dipole model of the 
earth's field. The mean declination of the samples was I0°W. Secular 
variation records from lake sediments have a maximum peak-to-peak 
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amplitude of 
40  so that the observed mean declination for the Sand 
Cavern sediments is high, even if a lesser smoothing effect is allowed 
for. The c 95 value of 60 reflects the scatter of the directional data. 
A greater degree of scatter in the upper part of the section than in 
the rest of the sediments is due to the loose sand in that part of the 
profile. 
Correlation between the three sections was not good but a possible 
minimum in inclination values can be detected at a depth of 1 m. 
A pilot sample from the section was progressively demagnetized in 
AFs to examine the stability of the NRM which was found to have a mdf 
of 650 Oe (figure 8.3). This value was significantly higher than 
values obtained from the Finnish lake sediments studied. Further 
evidence for the stability of the NRM came from the fact that the 
directions of magnetization were very different from those of the 
present geomagnetic field. There was no sign of any VIM. 
Another sample was given an IRM in fields of increasing strength 
and opposing directions so that measurements of J rs 	cr 
and H could be 
made. The measured intensity continued to increase after the sample 
had been placed in fields of up to 10 k0e without reaching saturation. 
From this evidence and the mdf mentioned above, it can be inferred 
that fine grained haematite is present and that it carries at least 
half of the observed NRM. 
Correlation of magnetic records from Sand Cavern with other avail-
able data was not successful. The Windermere data (Mackereth, 1911) 
does not exhibit such high declination values. If the cave sediments 
have recorded the true geomagnetic field it can be assumed that they 
are not Holocene in age. The records did not correlate with those 
from a Hornian lacustrine deposit (Thompson et al., 191 14 ) and did not 
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Figure 8.3 Demagnetization of a sediment samnie from 
Sand Cavern. 
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show any similarity with the Mediterranean cave records (Creer and 
Kopper, 1975). 
A stalagmite taken from above the laminated section was dated at 
about 2000 y BP (Gasgoyne, pers. comm.) so that this was not useful as 
an upper age control on deposition. 
The deposition rate of the sediments will have varied with time 
as the detrital input fluctuated and was presumably more. rapid in the 
upper sandy part of the section. The laminations need not necessarily 
be annual. It has been suggested (Ford, 1975) that the sediments are 
of glaciofluvial origin. In view of the high declination measurements 
the sediments must have been rapidly deposited. It is possible however 
that currents were present at the time of deposition, even though no 
evidence of sediment disturbance can be seen, and that these caused a 
deflection of the magnetic direction away from the true one. 
The high stability of the NRM is interesting. If the haematite 
in the sediments were of secondary, chemical origin, partial demagnet-
ization should reveal a different direction for the remanence carried 
by haematite from that of the lower coercivity, detrital magnetite. 
This did not occur. It seems unlikely that haematite would survive 
transport over any distance and the quantities which could be derived 
from the limestone would be small. 
Due to a total lack of any age control it was not possible to date 
the Sand Cavern sediments using palaeomnagnetic methods. It can, however, 
be said that they were quickly deposited, probably during a glacial 
epoch. 
8.3 Victoria Cave 
Victoria Cave lies to the east of Settle in N. Yorkshire, 4J40 In 
above sea level (figure 8.1). During the early excavations at the end 
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of the nineteenth century the talus accumulation was removed revealing 
the main entrance. The sediments within the cave were divided into 
Upper Cave Earth 
Laminated Cave Earth 
Lower Cave Earth. 
Pleistocene fauna were found in the lower cave earth together with 
glacial boulders but no organic remains were discovered in the laminated 
clay. As in the case of the Sand Cavern sediments, the purpose of the 
palaeoinagnetic study. was to date the laminated clay section. 
The laminations were not horizontally lying but dipped towards 
the central part of the cave and also varied in level laterally. A 
section 1 m in length was sampled. The 58 samples were each cut so as 
to stand out from the section and then the cubic plastic sample holders 
placed over them so that they could be removed. The orientation of 
each sample and its depth from a datum line were measured and recorded 
before removal. 
Magnetic measurements were made and the results are plotted in 
figure 8.4. Both the magnetic intensity and the magnetic susceptibility 
were low and scattered. The scatter can be attributed to varying 
amounts of the different grain size laminations in each sample. The 
Q-ratio was less than 1 for the majority of the samples. 
a, 95 for the directional data was 3.93g . The declination values 
appeared to reach a minimum at about 0.75 m and the average declination 
was calculated to be 20°E. The average inclination for the section was 
330 which is much lower than the 700 expected from an axially geocentric 
dipole model of the geomagnetic field. 
Three pilot samples were progressively AF demagnetized. The 
remanence was found to be stable with mdfs of between 300 and 400 Oe 
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Figure 8.4 NRM, susceptibility and Q ratio measurements 
made on Victoria Cave sediment profile. 
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implying that fine grained magnetite was probably responsible for most 
of the IRM. There was no evidence of different stages of magnetization 
as the magnetic directions remained similar throughout demagnetization 
indicating stability. 
It was not possible to correlate the magnetic record obtained from 
the laminated clays of Victoria Cave with records from any other locations. 
The only dating control on the sediments is one U-Th date of 0.3 my 
obtained from a stalagmite above the laminated clay (Gasgoyne, pers. 
comm.). Since the sediments were not found to be reversely magnetized 
- - 
	they were probably deposited between 0.3 and 0.69 my ago during a glacial 
period when there was fluctuating detrita]. input. The sediments may 
not have originally been deposited horizontally. There is evidence 
for some movement after deposition in that blocks of clay with the 
laminations vertical can be seen in the floor of the cave although any 
such movement occurred after the sediments were consolidated. If the 
sediments acquired their NRM in a way similar to that found for lake 
sediments, drying of the deposits to their present state must have 
involved a loss of magnetic intensity as magnetic grains were rotated. 
It is not clear what the resultant effect of this process would be 
when it occurs in finely bedded sediments of differing grain size as 
is the case here but the NRM intensity would certainly be reduced. 
As in the case of the Sand Cavern sediments, the use of palaeo-
magnetic methods was not able to aid in dating the Victoria Cave 
sediments. Chances of so doing would have been improved if a longer 
section had been available for sampling. 
8.1 Discussion 
Little is known about the magnetic mineralogy of cave sediments, 
or how the sediments acquire an NRM. As with lake sediments, an under- 
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standing of the magnetization process would aid in the interpretation 
of results. 
In both the sediment sections investigated the declination was 
higher and the inclination lower than expected. If the possibility 
of excursions is discounted there appears to have been some consistent 
cause for the deviations. Although current action may explain the 
deviations in the case of the Victoria Cave sediments where the mdf 
was 300- 1400 Oe, the remanence in the Sand Cavern sediments is not due 
to detrital magnetite grains alone. Haematite is at least partly 
responsible for the NRM. 
It is interesting to note that the Mediterranean cave sediments 
investigated by Creer and Kopper (1975) had much lower mdfs than were 
found in the present study. The mdf for the interior facies of the 
Mediterranean caves was 120 Oe and between 55 and 75 Oe for the 
entrance facies. It therefore seems unlikely that haematite was 
responsible for any of the remanence carried by these deposits, in 
contrast to those of Sand Cavern where the mdf was 650 Oe. 
It was unfortunate that in both Sand Cavern and Victoria Cave 
the sampled sections were only short. Together with the scattered 
nature of the magnetic directional data this meant that it was difficult 
to make any attempt to define secular variation curves. 
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Palaeomagnetic and mineral magnetism measurements have been carried out on two cores from Lake Vuokonjarvi in 
Finnish Karelia. The sediment probably covers 5000 years of continuous deposition at a mean sedimentation rate of about 
0.8 mm/yr. 
The magnetic declination exhibits fluctuations of similar amplitude (.200)  and character to those recorded in northern 
England and northern Ireland. Magnetic inclination variations are of higher amplitude (-15 ° ) than those found in Britain. 
Matching the palaeomagnetic patterns with the dated British master curves permits an estimate of the rate of deposition of 
the Finnish sediments, which is suggested to be more reliable than estimates from radiocarbon dating of the Vuokonjarvi 
sediment. 
The stable natural remanence is shown to be carried by fine-grained magnetite and titanomagnetite grains and to have 
grown by post-depositional alignment during a period of the order of 100 years. Laboratory dehydration of the sediment 
results in loss of around 40% of the stable natural remanencc. Such behaviour is also found in lake sediments from central 
and southern Europe and should be considered in interpreting palaeomagnetic data from dried out lake sections and ocean 
cores. 
1. Introduction 
Historic documentation of the geomagnetic field 
permits spatial' and temporal analyses over the last 
400 years (e.g. [1]). Remanent magnetism in post-
Glacial organic limnic sediments extends the records 
of relative declination and inclination to 10,000 years 
B.P. in northern Britain 54 0 N, 5 0W (e.g. [2,3]). The 
variations in declination and inclination found in the 
limnic cores are of similar amplitude to those of the 
historic records. Post-Glacial sediments were collect-
ed in eastern Finland (64 0N, 300 E) in order to inves-
tigate the spatial change of the long-period geomag-
netic variations and hence investigate their genera-
tion. 
The carrier and origin of the stable natural rema- 
nent magnetization (NRM) was investigated in detail, 
as the mode and length of time of stabilization of the 
remanence will largely determine the resolution of 
geomagnetic fluctuations preserved in the sediments. 
2. Collection and sampling 
The most recent deglaciation of eastern Fenno-
scandia proceeded from east to west [4]. Sediment 
was collected from the east of Finland in order to 
obtain as long a record as possible and to increase the 
geographic coverage of secular variation changes. 
Lake Vuokonjarvi was one of four chosen in Finnish 
Karelia as being of sufficient depth for coring, of 
palaeobotanical interest to the Ecology Section of the 
Karelian Institute of Joensuu University and suitable 
for 14C dating. 
Mackereth [5] 6-rn corers were used to collect a 
continuous sequence of sediment from Vuokonjarvi. 
Two cores were taken from the flattest and deepest 
central section of the lake in 8 rn of water. Core 1 
was rather short (4.5 m) and a longer core 2 (5.9 m) 
was obtained from an anchored buoy at the same 
locality as core 1 after replacing the Kullenburg seals 
of the corer. The sediment cores were transported to 
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Edinburgh unopened in their IJPVC liners. 
After measurement of horizontal remanence and 
susceptibility had been made on the whole cores, the 
core tubes were cut into 1.5 -in lengths, slotted on a 
circular saw and opened using a sharp knife. Plastic 
sample holders of 20 min square section and 17 mm 
height were inserted into one half of the split core 
sections. The other halves were preserved for ' 4C and 
later analyses. 
Palaeomagnetic measurements 
Preliminary investigations of the NRM carried by 
the two sediment cores were made using a Digico long 
core spinner magnetometer [6] and long core suscep-
tibility bridge [7]. After opening and subsampling of 
the cores, the NRM of the individual subsamples was 
measured on a Digico balanced fluxgate spinner 
(modified from Molyneux [8]) with a noise level of 
0.1 X 10 	G. The initial, reversible susceptibility of 
the subsamples was measured on an air cored bridge 
(modified from Molyneux and Thompson [7]) with 
a noise level about 0.2 X 10_6 G/Oe. 
Alternating field cleaning up to peak fields of 800 
Oe was performed with an electronically ramped 304 
c/s oscillator circuit [9]. The coil was enclosed in a 
0.6 m wide cylindrical triple mu-metal shield in order 
to reduce the ambient field and field gradients. 
Continuous low-temperature demagnetization was 
carried out in a Dewar surrounded by a Digico 
balanced fluxgate system. Liquid nitrogen was used 
for cooling in the Dewar. The declination and inten-
sity of NRM of the sample could be monitored con-
tinuously as the temperature (measured by a copper 
constanan thermocouple inserted into the sediment) 
decreased. 
Sedimentary and magnetic stratigraphy 
The sediment in the two cores is composed of 
gyttja (organic mud) and clay. A narrow layer of stiff 
grey clay at the top of the cores, corresponding to the 
higher magnetic intensity and susceptibility values 
found in this part of core 2 (Fig. 2), grades down into 
brownish grey gyttja which in turn passes into a 
banded clay section at about 3 m. This change does  
not appear as a significant feature in the intensity and 
susceptibility records which both continue to increase 
gradually, although there is a decrease in the rate at 
which this occurs. There is no visible layer in the sedi-
ment corresponding to the anomalously low intensity 
and susceptibility measurements made at around 
3.7 in in core 2. The bands in this section are green 
and black and up to 1 cm in width with the black 
bands tending to be narrower than the green. The 
bands are too wide to represent any annual variations 
in deposition. Beneath the banded section the sedi-
ment again changes character, becoming light grey 
clay at 4.5 m which is very stiff near the base of the 
core. This sedimentological change is represented by 
increased intensity and susceptibility values, with the 
Q-ratio becoming more constant (Fig. 2). Anomalous 
intensity measurements are found for the two sam-
ples between 4.12 and 4.17 m depth (Fig. 2) asso-
ciated with aberrant directional data (which have not 
been included in Fig. I or Fig. 3). 
The results of X-ray fluorescence analyses on sedi-
ment taken at intervals from core 2 show a gradual 
increase down the core for K (2-3.5%), Fe (6-
9.5%), Al (11-16%) and Mg (2.3-4%). There are no 
significant peaks in these elements, taken to be indi-
cators of erosion by Mackereth [10]. Slightly higher 
percentages of these minerals were found in a sam-
ple taken from a depth of 2.78 in but the susceptibil-
ity record does not show increased values near this 
depth. The organic carbon content of these samples 
was also investigated and revealed an overall decrease 
down the core from 6% near the top to 1% near the 
base. 
Palaeomagnetic direction variations 
Vuokonjarvi declination logs of both NRM and 
partially demagnetized rernanence are shown in 
Fig. 1. Well-defined swings can be seen in both the 
centred declination and inclination records (Fig. 3). 
The character of all the records changes at 4.5 in 
depth. Below 4.5 m the scatter of directions is greater 
but the overall variation rate is lower, reflecting a 
faster rate of deposition in the lowermost sediments. 
The uppermost declination swings have a similar char-
acter to oscillations recorded in British lakes (e.g. 
Lake Windermere, Fig. 1) and Lake Lojarvi [11] in 
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Fig. 1. Palaeomagnetic relative declination logs for Vuokonjarvi core 2 (NRM and partially demagnetized at 200 Oe), Vuokonjarvi 
core 1 (200 Oe), and Lake Windermere. Conventional radiocarbon age determinations (Windermere data from Mackereth [2J). 
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logs for Vuokonjarvi core 2. 
142 
southern Finland. In contrast the inclination oscilla- 	core 2 by matching 13 characteristic features of the 
tions (Figs. 3 and 4) are of larger amplitude than magnetic susceptibility records. The stretching was 
those recorded in Lake Windermere [ 3 ] and more 
	achieved by fitting a cubic spline through the 13 
closely resemble results from the eastern Mediterra- depth pairs (Fig. 4). New stretched depth values for 
nean [12,13]. 	 all the old depth values of core 1 were obtained from 
In order to compare the variations of declination 
	the cubic spline of Fig. 4. Stretching was carried out 
and inclination between cores I and 2, we have 
	
for the longest undisturbed section of core 1 which 
stretched the depth scale of core 1 to fit the scale of 
	
corresponds to depth values between 1.2 in and 
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Fig. 3. Rotated declination and inclination for Vuokonjarvi cores 1 (top) and 2 (bottom). Core 1 stretched to match depth scale of 
core 2 using susceptibility features (see Fig. 4). 
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4.2 in in core 2. The depth pairs of Fig. 2 lie very 
close to a straight line of gradient 0.92 which sug-
gests that linear stretching could have alternatively 
been applied. Other objective stretching methods are 
under investigation in conjunction with R.M. Clark 
and will be reported in a later paper. 
To improve further the comparison of the paired 
declination and inclination values, the directions were 
rotated firstly so that the mean declination was 
centred to zero and secondly so that the mean incli-
nation was zero. The resulting stretched and rotated 
declination and inclination logs are shown in Fig. 3. 
In previous studies of palaeomagnetic direction 
logs, the above procedure has not been considered. 
However, plots of natural declination and inclination 
can be misleading and the above method of presenta-
tion is useful when (1) the natural inclination is high, 
and (2) the rotated inclination variations are equiva-
lent in amplitude to rotated declination variations. 
The above procedure could not be adopted for the 
Lake Windermere results of Fig. 1 as the declination 
values of Mackereth [2] were not paired with inclina-
tion values. 
Inspection of Fig. 3 shows a reasonably clear 
similarity in rotated declination between VI and V2 
over the whole depth range, and in inclination 
between 1.2 and 3.0 in. However, between 3.0 and 
3.7 in there is a disciepancy of over 5 0 in rotated 
inclination. Techniques for assessing correlations 






between declination and inclination pair logs are 
being developed in collaboration with R.M. Clark as 
an extension to the cross validation method adapted 
by Clark [14]. Without such statistical methods it is 
difficult to judge the correlation of the direction pairs 
in Fig. 3. However, we feel the close similarity of the 
declination logs lends support to the remanence direc-
tions of core 2 being a reliable representation of past 
geomagnetic field changes in eastern Finland. 
The general sense of motion of the magnetic vec-
tor, between 3.0 and 1.2 m, is anticlockwise (i.e. 
opposite to that in observatory records) and in char-
acter more resembles that of European archaeomag-
netic records [15],thus lending further support to 
suggestions that westward drift of the geomagnetic 
field has not been a continuously dominant phenom-
ena over the last 104  years. 
Radiocarbon age determinations of Vuokonjarvi 
sediment (Fig. I) are almost certainly erroneous, pro-
ducing ages in excess of the age of deposition of the 
sediment. The close similarity of the declination rec-
ords of Windermere and Vuokonjarvi suggests they 
are magnetic signatures of synchronous geomagnetic 
fluctuations and that more realistic age determina-
tions can be obtained by matching the declination 
features. Because of the apparent cyclic nature of the 
declination fluctuations, firm correlations cannot be 
established until the fine structure of individual 
cycles is recognisable. Thus a less likely, but possible, 
correlation is that the uppermost Windermere oscilla-
tion is absent at the top of Vuokonjarvi core 2 and 
the westerly swing at 3.2 in corresponds to the 4500-
year swing in Windermere and the break in rate of 
deposition at 4.5 m depth reflects the facies change 
from late-Glacial to post-Glacial sedimentary envi-
ronments. Pollen assemblage zonation of the Vuokon-
jarvi material would enable dating by comparison 
with local peat profiles (in which the 14C dating prob-
lems are reduced because of the minimal alloch-
thonous input) and hence a more detailed assessment 
of Finnish geomagnetic secular variation. 
6. Identification of remanence carriers 
Fig. 4. Vuokonjarvi core 1 vs. core 2, depth scales matched 	 The sediment thus appears to carry a record of 
using 13 susceptibility features and cubic spline interpola- past geomagnetic field variations over the time during 
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mineral or minerals carry the stable NRM in order to 
gain insight into the mode of origin, and hence length 
of time of stabilization of remanence, and to deter-
mine which lakes will be amenable to future palaeo-
magne tic investigations. Also to know the total mag-
netic mineralogy which carries the susceptibility and 
isothermal magnetic remanence (IRM) is of impor-
tance for correlating sequences and for tracing ero-
sion and environmental changes in the drainage basin 
[16,17]. 
6. L Coercivities 
Partial step alternating field (AF) demagnetization 
of pilot samples from core 2 showed the NRM to be 
stable with a median destructive field (MDF) between 
300 and 400 Oe. The detailed behaviour of AF 
demagnetization of NRM is illustrated in Fig. 5. 
When samples were given an IRM in steps up to 
10 kOe, the majority saturated at about 2 kOe. The 
exceptions to this were samples from the uppermost 
part of the sequence where the magnetization con- 
tinued to rise as the applied field was increased to the 
maximum of 10 kOe. The coercivity of remanence 
(HCR) for these samples was about 550 Oe compared 
with values between 300 and 400 Oe for most of the 
lower sediments. The IRM acquired above 2 kOe is 
most likely to be carried by fine-grained haematite, 
but this is evidently not a major carrier of NRM since 
it would give rise to a much higher coercivity of NRM 
than is observed. 
6.2. Dehydration 
It was found that when samples were dried in air 
they lost between 30 and 40% of their NRM. The loss 
of remanence was proportional to the decrease in 
weight (Fig. 6). In order to investigate the role of 
water in the samples more closely, a series of experi-
ments was carried out on samples in different physi-
cal states. 
One experiment involved three adjacent samples 
which possessed very similar NRM intensities (-25 
iiG). Two were dried in air and then all three were 
demagnetized before being placed in a field of 10 Oe. 
Distilled water was added to one of the dried samples. 
The remanence grown was measured at intervals and 
then the field was reversed. All three samples showed 
the same shape of curve of acquisition of remanence 
(Fig. 7), but the dry sample gained only 63% of that 
of the fresh sample, while the wetted gained 85% of 
the remanence of the fresh one. On reversing the field 
direction after 41 hours the direction of remanence 
in all three samples also reversed (Fig. 7). 
Fig. 5. Typical step AF demagnetization curves of pilot specimens from Vuokonjarvi core 2. (a) Total intensity decrease. (b) 











Fig. 6. Loss of NRM vs. weight during drying of a 20 mm X 
20 mm X 17 mm sample. 
In another experiment two similar adjacent sam-
ples were used. One was impregnated with Poly -
ethylene Glycol 6000 [181. Water in the sample was 
thus replaced by wax with little distortion of micro-
structure and little alteration of NRM. Both were 
placed in a 10-Oe field in such an orientation that the 
field direction was perpendicular to the main compo-
nent of NRM. Again the remanence was measured at 
intervals and over a period of 24 hours the fresh sam-
ple gained 41% more remanence than the impreg-
nated sample, while the NRM component remained 
unaltered. 	 - 
In the above experiments a remanence over and 
above the VRM and IRM of the dried and impreg-
nated samples was acquired by the samples which 
contained water. This can be explained if fine mag- 
netic grains in the fresh and wetted sediment were 
free to rotate into the ambient field. Since the NRM 
component in the second experiment did not alter, 
the grains affected by the applied field must have 
been ether than those carrying the NRM. The loss of 
NRM with dehydration is most simply explained by 
magnetic grains which were in physical equilibrium 
with their wet surroundings being misaligned, with 
evaporation of the interstitial water, by stresses such 
as the surface tension of the water molecules and 
electrostatic attractions of clay minerals. 
The possibility of an hydrated iron mineral (e.g. 
[19]) carrying part of the NRM was considered, since 
in this case loss of water might be expected to alter 
the structure of the mineral and so result in loss of 
reinanence. However, if the remanence were carried 
by an hydrated mineral it is unlikely that the mineral 
could be easily reconstituted by the addition of water 
after the sample had dried. Furthermore, in the 
experiment described above, the mineral would have 
grown through a blocking volume before the applied 
field was reversed and the remanence would have 
remained in the original direction. The possibility of 
NRM loss during dehydration being due to oxidation 
in air of magnetic minerals can also be discounted 
because losses were also found when samples were 
dried in an inert atmosphere (carbon dioxide at 
40° C). 
6.3. Low-temperature demagnetization 
Pure magnetite and coarse-grained haematite both 
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Fig. 7. Acquisition of remanence before and after reversal 
(at t = 4.25 hours) of 10 Oe magnetic field for fresh, dried 
and wetted samples. 
Fig. 8. Low-temperature demagnetization of NRM. Lower 
transition (-140 ° C) due to magnetite K1 anisotropy transi-




NRM, ARM and IRM total intensity and percentage of remanences lost at upper transition (U), lower transition (L) and remaining 
(R) after cooling in zero field to liquid nitrogen temperature, for a suite of 24 samples from core 2 
No. 	Depth 	NRM 	NRM (%) 	 ARM 	ARM (%) 	 IRM 
	
IRM (%) 
(cm) (giG) (jIG) (PG) 
U 	L 	R 	 U 	L 	R 	 U 
	
[ti 
1 10 7 34 12 54 19 11 II 78 420 12 7 81 
2 37 2 28 17 55 7 13 18 69 140 17 10 73 
3 51 4 37 9 54 8 23 1 76 190 14 17 69 
4 85 8 37 9 54 9 9 16 75 230 12 14 74 
5 106 12 36 13 51 13 35 0 65 320 13 14 73 
6 141 15 29 11 60 23 8 8 84 1040 7 23 70 
7 157 26 33 12 55 30 10 10 80 1140 11 22 67 
8 191 20 34 8 58 28 10 7 83 1340 9 22 69 
9 210 48 32 9 59 57 10 12 78 2460 8 24 68 
10 229 89 34 7 59 61 8 9 83 2570 8 23 59 
11 248 76 42 18 40 76 10 10 80 2590 12 21 67 
12 277 75 30 13 57 71 7 12 81 3060 8 28 64 
13 311 115 30 14 56 86 10 14 76 3870 12 29 59 
14 329 137 32 20 48 86 12 10 78 4090 10 26 64 
15 347 93 34 15 51 85 9 13 78 4010 9 28 63 
16 343 126 36 21 43 122 12 17 71 5810 10 26 64 
17 391 88 35 16 49 121 12 10 78 5890 8 28 64 
18 421 101 34 14 52 150 13 8 79 7010 8 29 63 
19 445 241 26 15 59 244 18 11 71 11020 12 31 57 
20 473 208 25 26 49 239 11 9 80 12330 9 32 59 
21 493 278 26 21 53 268 15 13 72 14360 10 32 58 
22 509 311 22 26 52 253 16 11 73 15830 11 33 56 
23 531 407 20 18 62 285 12 10 78 19370 10 34 56 
24 558 286 23 16 61 266 3 8 89 17450 4 30 66 
by cooling samples the presence of these minerals as 
remanence carriers can be detected [20]. Fig. 8 is a 
typical plot of magnetization against temperature. In 
every sample cooled, a sharp decrease in intensity was 
observed at around —10 ° C and in most cases there 
was a further less well-defined decrease at —140 ° C. 
No memory effects were observed during warming in 
zero field. 
In the above method, the magnetization could 
only be measured in one plane and the noise level of 
the magnetometer (l X 10 G) was such that satis-
factory measurements could not be obtained for sedi-
ments with a remanence weaker than about ten times 
the noise level. It was also very time consuming to 
investigate the low temperature behaviour in a suite 
of samples. 
These drawbacks were overcome by performing 
step bulk low-temperature demagnetization in a com- 
mercial deep-freeze at --40 ° C and then in liquid nitro-
gen. Zero field (<20 y) was provided by a triple mu-
metal shield and the remanence measured on a stan-
dard magnetometer. The permeability of the mu-
metal was not reduced by cooling. Tens of specimens 
could be cooled within a few hours or more conve-
niently overnight. We chose simply to use two steps 
to characterize the rernanence, and measured the re- 
manence at 20 ° C, —40° C and —196° C. In this way the 
magnetic remanence lost during each transition was 
quickly estimated for twenty-four samples from 
core 2 (Table 1). The proportions of remanence lost 
varied through the core. Typically between 30 and 
40% of NRM was lost at —10 ° C in the higher muds 
compared with 20-25% in the basal clay, whereas 
the proportion lost at the magnetite transition 
(-140° C) increased from 10% to 25% down the core. 
When dried samples were cooled to-40 ° C no fur- 
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ther reduction in magnetization was found. Drying 
a cooled sample, however, produced a further 
decrease in intensity. The decrease in renianence 
observed at —10 ° C in fresh samples cannot therefore 
be due to the Morin transition in haematite as origi-
nally suggested for Lake Windermere [211 as loss-of 
water would not affect haematite carrying a rema-
nence. The decrease seen at —10 ° C can be most sim-
ply explained by the growth of ice crystals, from the 
interstitial water, misaligning small magnetic grains. 
When the ice melts, with warming, the particles will 
be able physically to relax but will remain random-
ized. Following iron and magnetic analyses, includ-
ing Mossbauer spectra, Readman et al. [22] con-
cluded that haematite made up 2% of the total iron 
content and carried roughly half the remanence in 
three Greek lakes. Our results suggest that the renia-
nence in these Greek lakes is also most unlikely to be 
carried by haematite. 
6.4. Thermal demagnetization 
A proportion of the NRM (40-60%) was always 
left after cooling in zero field to —196° C. Stepwise 
thermal demagnetization was carried out on a set of 
samples and a range of blocking temperatures found 
with the remanence becoming negligible at 600°C. 
This indicates that the NRM left below —196°C 
is probably due to titanornagnetite in which the mag-
netite transition is suppressed by the titanium con-
tent. 
6.5. A nhysteretic and isothennal remanent magneti-
zation 
In subjecting samples to an applied field of suffi-
cient magnitude to cause saturation, the fine mag-
netic particles in the sediment will be physically 
forced into the field direction and this will combine 
with the movement of domain walls in large grains to 
give the observed IRIvI intensity. 
When a sample is given an ARM (with a DC field 
or 0.4 Oe) the small grains will not be significantly 
rotated, since they are not rotated by the earth's 
field. Domain wall movement in large grains will 
take place to contribute to the ARM intensity, but if 
the small grains are single domain then only those 
which are in the direction of the applied DC field 
will acquire a rmanence.. 
The proportions of NRM, ARM and IRM carried 
by pure magnetite and titanomagnetite and the 
degree with which the carriers are bound into the 
structure of the sediment can be seen to vary with 
clear trends through core 2 (Table 1). For example, 
pure magnetite proportionally decreases in the higher 
sediments as a carrier of both NRM and IRM, titano-
magnetite is seen to dominate the ARM while pure 
magnetite controls the IRM more than in the case of 
NRM or ARM. Also the grains which carry the ARM 
and IRM are less reorientated on cooling (and on 
drying) than those carrying the NRIvI. This contrast 
is also seen in warming a sample which had acquired 
an IRM at —40°C. The sample loses 10% of the IRM 
on warming which is the same proportion as is lost 
on cooling a sample with an IRM to —40°C, in con-
trast to 30% lost on cooling the NRM of an equiva-
lent sample. This difference implies that large grains 
are contributing to the IRM but not to the NRM. 
6.6. Discussion of origin of natural rernanen t magneti-
zation 
Magnetite and titanomagnetite grains appear to be 
the main carriers of remanence in the Vuokonjarvi 
sediments. There is no evidence for chemical rema-
nent magnetization or for haematite being a major 
remanence carrier. The most likely mechanism for 
acquisition of NRIVI is that small grains are able to 
rotate in the wet upper sediment near the mud-
water interface. As the water content decreases some 
grains will become fixed in position and become car-
riers of NRM. The grains carrying the NRM are thus 
probably only a small proportion of the total mag-
netic fraction with size being a critical factor. The 
water content decreases from over 75% at the top of 
the core and is typically 35% near the base. It seems 
that some grains in the core are still able to rotate if 
the field is of sufficient strength (e.g. 10 Oe) and have 
not been completely fixed in position. From an 
examination of these and other Finnish lake sediment 
cores it can be shown that the sediment takes of the 
order of 100 years to acquire a stable remanence. 
This result is obtained from the depth over which the 
uppemiost-NRM directions are very scattered and the 
NRM intensity unusually low, and from the estimated 
sedimentation rates. 
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The results of experiments in low magnetic fields 
are of relevance when deciding whether particular 
lake sediments are accurate recorders of the earth's -
magnetic field behaviour. An example of this 
occurred when some sediment from Lake Frisa, Mull, 
Scotland was investigated. A field of 10 Oe was found 
capable of moving some of the magnetic grains carry-
ing the NRM implying that these sediments are not 
good geomagnetic field recorders. The 10 Oe iso-
thermal remanence, like VRM, has a time dependence 
so that even in a low field such as that of the earth, 
movement of magnetic grains could occur at depths 
penetrated by coring. If the magnetic fraction con-
tains a high proportion of very fine grains, these may 
not have become physically fixed in position and 
have changed direction with the geomagnetic field. 
This might explain why in some lake sediments no 
oscillations in declination or inclination are seen. 
Growth of minerals and/or gels may contribute to 
the process of fixing the magnetic grains in the sedi-
ment and thus producing a stable remanence. In sedi-
ment in which there is a positive correlation between 
NRM intensity and organic carbon content (e.g. Lake 
Windermere), this process may be more important 
than simple physical compaction. In Vuokonjarvi 
there is an inverse correlation of NRM intensity with 
organic carbon content. 
7. Conclusions 
The post-depositional remanent record of the Fin-
nish geomagnetic field shows several similarities to 
the British record. Both records are attributed to the 
same activity in the earth's core. As Holocene records 
are extended to other geographical localities, the 
regions of activity will be located more closely. 
The importance of grain size of magnetic min-
erals in producing a stable remanence is illustrated 
by the sensitivity of magnetization to changes in 
micro-structure of the sediment. 
The large decrease of natural remanence with 
dehydration first observed in the Vuokonjarvi sedi-
ments has been subsequently established in lakes 
from Mediterranean to Arctic conditions (our unpub-
lished data). The probability of such decreases, and 
possible modification of remanence, in dry lake 
deposits must now be assessed as well as the relevance  
of such decreases to geomagnetic palaeointensity 
studies on partially dried deposits or partially dried 
laboratory redeposition samples. 
Acknowledgements 
Thanks are expressed to Jouko Merilainen and the 
staff of the Karelian Institute of Ecology for advice 
and assistance with coring. The work was financed by 
NERC. 
References 
1 D.R. Barraclough, Spherical harmonic analyses of the 
geomagnetic field for eight epochs between 1600 and 
1910, Geophys. J.R. Astron. Soc. 36(1974)497-513. 
2 FJ.H. Mackereth, On the variation in direction of the 
horizontal component of remanent magnetization in lake 
sediments, Earth Planet. Sci. Lett. 12 (197 1) 332-338. 
3 R. Thompson, Palaeolimnology and palaeomagnetism, 
Nature 242 (1973) 182-184. 
4 H. Hyvarinen, The dcglaciation history of eastern Fenno-
scandia - recent data from Finland, Boreas 2 (1973) 
85-102. 
5 FJ.H. Mackereth, A portable core sampler for lake 
deposits, Limnol. Oceanogr. 3 (1958) 181. 
6 L. Molyneux, R. Thompson, F. Oldfield and M.E. 
McCallan, Rapid measurement of the remanent mag-
netization of long cores of sediment, Nature 237 (1972) 
42-43. 
7 L. Molyneux and R. Thompson, Rapid measurement of 
the magnetic susceptibility of long cores of sediment, 
Geophys. J. R. Astron. Soc. 32 (1973) 479-481. 
8 L. Molyneux, A complete result magnetometer for mea-
suring the remanent magnetization of rocks, Geophys. 
J. R. Astron. Soc. 24 (1971) 429-434. 
9 A. De Sa and J .W. Widdowson, A digitally controlled AF 
demagnetiser for peak field of up to 0.1 T, J. Phys. E: 
Sci. Instruments 8 (1975) 302-304. 
10 FJ.H. Mackereth, Chemical investigation of lake sedi-
ments and their interpretation, Proc. R. Soc. Lond., 
Ser. B, 161 (1965) 295. 
11 K. Tolonen, A. Siiriainen and R. Thompson, Prehistoric 
field erosion sediment in Lake Lojarvi, S. Finland and its 
palaeomagnetic dating Ann. Bot. Fenn. 12 (1975) 161-
164. 
12 N.D. Opdyke, D. Ninkovich, W. Lowrie and J.D. Hayes, 
The palaeomagnetism of two Aegean deep-sea cores, 
Earth Planet. Sci. Lett. 14 (1972) 145-149. 
13 K .M. Creer, Geomagnetic variations for the interval 
7000-25,000 yr BP as recorded in a core of sediment 
from Station 1474 of the Black Sea cruise of "Atlantis 
11", Earth Planet. Sci. Lett. 23 (1974) 34-42. 
149 
14 R.M.Clark and R. Thompson, An objective method for 
smoothing palaeomagnetic data. Geophys. J.R. Astron. 
Soc. (in press). 
15 Mi. Aitken, Dating by archaeomagnetic and thermo-
luminescent methods, Philos. Trans. R. Soc. Lond., 
Ser. A, 269 (1970) 77-88. 
16 R. Thompson, F. Oldfield, R.W. Battarbee and P.E. 
O'Sullivan, Magnetic susceptibility of lake sediments, 
Limnol. Oceanogr. 20 (1975) 687-698. 
17 F. Oldfield, J. Dearing, R. Thompson and S.E. Garrett-
Jones, Some magnetic properties of lake sediments and 
their links with erosion rates, Pol. Arch. Hydrobiol., 
Paleolininol. Symp. Spec. Issue (in press). 
18 R. Greene-Kelly and S. Chapman, The preparation of thin 
Sections using polyethylene glycols, in: Micromorpho-
logical Techniques and Applications (Tech. Monogr. 
Soil. Surv., No. 2) (Rothamsted Experimental Station, 
1970) 15-24. 
19 J.D. Bernal, D.R. Dasgupta and A.L. Mackay, The oxides 
and hydroxides of iron and their structural inter-relation-
ships, Clay Minor. Bull. 4 (1959) 15-30. 
20 M.D. Fuller and K. Kobayashi, Identification of magnetic 
phases in certain rocks by low-temperature analysis, in: 
Methods in Pala corn agnetism, D.W. Collinson, K.M. Creer 
and S.K. Runcorn, eds. (Elsevier, Amsterdam, 1967). 
21 K.M. Creer, R. Thompson, L. Molyneux and F.J.H. 
Mackereth, Geomagnetic secular variation recorded in the 
stable magnetic remanences of recent sediments, Earth 
Planet Sci. Lett. 14 (1972) 115-127. 
22 P.W. Readinan, J .M.D. Cocy, Ch. Mosser and F. Weber, 
Analysis of some lake sediments from Greece, J. Phys. 
Colloq. 37 (1976) C6-845, 848. 
